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6VEGETATION, SPECIES RANGES 
AND SPECIES DIVERSITY
Global vegetation, habitat as well as species abun-
dances and distributions have consistently changed 
during the course of Earth’s history (Schroeder, 1998). 
Today’s natural plant distribution in Central Europe is 
the result of range shifts after the last glaciation and 
synchronous human impact (Lang, 1994; Taberlet et 
al., 1998; Poschlod, 2017). However, since the begin-
ning of the modern age the rate and extent of envi-
ronmental deterioration continuously increased due 
to human activities (Poschlod & WallisDeVries, 2002; 
Poschlod, 2017). 
The distribution of plant species would -with-
out human interaction- mostly depend on climate, 
weather, soil and interspecific competition (Wood-
ward, 1987). Despite other factors such as con-
strained dispersal (Normand et al 2011), climate is 
the most influential natural broad-scale parameter 
for species’ ranges (Willis & Whittaker, 2002; Pearson 
& Dawson, 2003). Without a suitable climate, a plant 
can’t germinate, repopulate, grow or reproduce in 
a habitat. Hence, for the prediction of future or the 
reconstruction of past plant species’ ranges, climate 
data can be used in species distribution models 
(SDM) (Elith & Leathwick, 2009). While such models 
point out the potential distribution of habitats of spe-
cies, the analysis of genetic diversity and relatedness 
in phylogeographic studies can help to identify colo-
nisation routes or glacial refugia (Taberlet et al., 1998; 
Hewitt, 1999, 2004). 
The human impact on ecosystems, vegetation 
composition and species distribution is significant: 
climate change by rising atmospheric concentrations 
of carbon dioxide and other greenhouse gases, an-
thropogenic nitrogen deposition, changing land use 
and altered disturbance regimes, deforestation and 
habitat destruction (Vitousek et al., 1997; Scheffer et 
al., 2001; Tilman et al., 2001).
Recent industrialisation accompanied with growth 
of human population have caused unprecedented se-
vere loss of the three levels of plant biological diver-
sity: habitats and ecosystems, species and communi-
ties as well as plant genetic diversity. The European 
Red List of Habitats (Janssen et al., 2016) considers 
36 % of the 233 habitats assessed (31 % for EU28+) as 
threatened: < 2 % as critically endangered, 11 % as 
endangered and 24 % as vulnerable. On the species 
level the red list of endangered plant species in Ger-
many (Ludwig & Schnittler, 1996) states that 40 % of 
all native plants are at least very rare. On population 
level a number of factors like fragmentation and size 
of populations, genetic drift and bottlenecks strong-
ly influence the genetic diversity and must therefore 
be considered when depicting the diversity of plants 
and the value and threats of single populations (Re-
isch & Poschlod, 2003; Reisch et al., 2003; Reisch et 
al., 2005; Reisch & Kellermeier, 2007).
ACTIONS FOR PRESERVATION OF 
DIVERSITY
As a counterpart to previously ratified conservation 
strategies concerning animals and its habitats, the 
Global Strategy of Plant Conservation (GSPC) from 
2002 for the first time focused on the prevention of 
further losses of plant biological diversity (CBD, 2010). 
The GSPC contained 16 targets, which should stop or 
at least slow down the loss of phytodiversity by the 
year 2010. In 2010, when the failure was inevitable, 
the targets were updated at COP10 (Nagoya) and 
are expected to be implemented until 2020. The first 
two objectives (“Plant diversity is well understood, 
documented and recognized” and “Plant diversity 
is urgently and effectively conserved”) encompass 
“Information, research and associated outputs, and 
methods necessary to implement the Strategy devel-
oped and shared” (target 3) and “At least 75 per cent 
of threatened plant species in ex situ collections, pref-
erably in the country of origin, and at least 20 per cent 
available for recovery and restoration programmes” 
(target 8).
THESIS OUTLINE
The thesis at hand was prepared within the frame-
work of the foundation of the Genbank Bayern Arche, 
a Bavarian seed bank for rare and threatened plant 
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QUESTIONS AND AIMS
The key elements that are addressed in this thesis 
are: 
1. Sampling for conservation genetics: how many 
loci and individuals are needed to determine 
the genetic diversity of plant populations using 
AFLP markers?    (Chapter 2)
2. Species distribution model reveals suitable cli-
mates for oceanic species during the Last Gla-
cial Maximum.    (Chapter 3)
3. Insights into the European postglacial coloni-
zation of the horseshoe vetch (Hippocrepis co-
mosa).     (Chapter 4)
4. Short communications of a seed bank for 
threatened plant species on the example of the 
Genbank Bayern Arche.   (Chapter 5)
species. Its single chapters are supposed to help to-
wards achieving the targets of the GSPC. 
In order to provide assistance for the collection 
of plant material for genetic studies based on AFLP 
markers (objective I) or for seed collections for ex situ 
conservation (objective II), Chapter 2 intends to iden-
tify patterns in the assessment of genetic diversity 
of 16 different plant species of the habitat calcare-
ous grasslands. The number of plant individuals that 
must be collected to reflect the genetic diversity of a 
single population can be important to increase effi-
ciency and productivity through reduced sample siz-
es. The study also investigates whether and to what 
extent plant functional traits have an influence on the 
sample size. 
Using climate modelling in Chapter 3 as well as 
phylogeographic analysis in Chapter 4, this thesis 
provides further knowledge about the origin of cal-
careous grasslands and thereby a better understand-
ing of plant diversity (objective I). Numerous studies 
have examined calcareous grasslands from different 
perspectives (Cornish, 1954; Gibson & Brown, 1991; 
Dutoit & Alard, 1995; Poschlod & Bonn, 1998; Po-
schlod et al., 1998; Poschlod & WallisDeVries, 2002; 
Kahmen & Poschlod, 2004; Karlik & Poschlod, 2009; 
Römermann et al., 2009). But still, the origin of its 
plant inventory and the potential migration routes 
after the last glaciation are widely unknown. It is 
generally assumed that plants from Central Europe 
outlasted the ice age in Mediterranean refugia. Re-
cent research also point to additional refugia north 
of the Alps (Provan & Bennett, 2008; Svenning et al., 
2008; Tzedakis et al., 2013). We therefore conducted 
an AFLP analysis of the horseshoe vetch (Hippocrepis 
comosa) across the whole species distribution range 
to provide insights into the postglacial migration 
routes to Central Europe. 
Finally, in Chapter 5, we gather information about 
the operation of a small-scale seed bank for rare and 
threatened plant species, which was set up to collect 
and store seeds listed on the Bavarian Priority List 
for Botanic Species Conservation (Woschée, 2009) 
and alpine rarities. The documentation provides time 
spans for every process step within the seed bank 
and can therefore serve as a basis for calculation of 
expenses for seed banks.
8CHAPTER 2
Sampling for conservation genetics: how many loci 
and individuals are needed to determine the genetic 
diversity of plant populations using AFLP?
ABSTRACT
Molecular markers such as AFLPs are frequently applied in molecular ecology and 
conservation genetics to determine the genetic diversity of plant populations. How-
ever, despite the extensive utilization there is little consensus about the number of 
loci and individuals which should be used to estimate genetic diversity. As a conse-
quence, these two parameters strongly vary among investigations. 
In our study we analysed the impact of loci and individual number on the deter-
mined level of genetic diversity of 15 calcareous grassland species using AFLP. We 
investigated curve progressions of genetic diversity with an increasing number of 
individuals and computed the appropriate number of loci and plant individuals to 
reach 90 % and 95 % of a population’s genetic diversity. According to our results ap-
proximately 120 loci are sufficient for a stable estimation of genetic diversity. Regard-
ing the number of analysed individuals on average about 14 samples are needed to 
cover 90 % and about 23 samples are needed to cover 95 % of the genetic variation 
estimated from the total population sample. Wind-pollinated species require, how-
ever, larger sample sizes than insect-pollinated species. 
Since funding is often limited, especially in conservation, our results may help to 
avoid time-consuming and costly surveys and may contribute to a more efficient use 
of the financial resources available for the determination of genetic variation. 
K E Y W O R D S
AFLP, genetic variability, sample size, pollination type
2.1 INTRODUCTION
Estimates of genetic diversity is a core question in mo-
lecular ecology and conservation genetics (Nybom & 
Bartish, 2000) and the aspect of genetic diversity is 
included in a wide range of conservation decisions. 
Genetic diversity is for example taken into account 
when high priority populations have to be identified 
(Kaulfuß & Reisch, 2017) or when populations have 
to be selected for the collection of seeds to produce 
regional seed mixtures (Durka et al., 2017). Recently, 
molecular analyses have also been applied to identi-
fy the number of populations necessary to preserve 
70 % of the total in situ genetic variation (Whitlock 
et al., 2016) or to determine the number of individ-
uals which have to be sampled to conserve 90 % of 
  
9
Sampl ing for conser vat ion genet ics
the genetic variation via seeds for ex situ seed banks 
(McGlaughlin et al., 2015). 
The methodical range is large and very different 
molecular markers, either dominant or codominant, 
can be used to determine genetic diversity. Among 
many other techniques, microsatellites and AFLP be-
long to the most often applied methods. Microsatel-
lites (Litt and Luty 1989) are still very popular (Zane 
et al. 2002), as they are extremely variable on locus 
level. In former times the design of appropriate prim-
ers needed time-consuming pre-screenings (Gaudeul 
et al. 2004), but the application of next generation se-
quencing methods makes the development of micro-
satellites much easier than in the past (Taheri et al. 
2018; Zalapa et al. 2012). Although cutting edge tech-
nologies such as single nucleotide polymorphisms 
are meanwhile frequently applied in molecular ecolo-
gy (Morin et al 2004), AFLP markers are still important 
in conservation genetics, since they do not require 
sequence data and are very cost-effective. Using suf-
ficiently high numbers of loci, AFLPs markers (Vos et 
al. 1995) can broadly cover the genome and are there-
fore more suitable for estimating genetic variation 
than microsatellites  (Eidesen et al. 2007; Gaudeul et 
al. 2004; Mariette et al. 2002) although it should not 
be concealed that their dominant character and the 
reproducibility represent a certain disadvantage.
Methods and samples must be adequate to ad-
dressing the biological question at hand. There are, 
however, numerous publications comparing the pros 
and cons of different methods, informing about this 
decision (Jarne & Lagoda, 1996; Sunnucks, 2000; 
Schlötterer, 2004; Semagn et al., 2006). Far more un-
clear is, however, how many loci and individuals need 
to be used for the determination of genetic variation. 
Previous reviews revealed a wide range among stud-
ies concerning these two parameters (Nybom, 2004; 
Reisch & Bernhardt-Römermann, 2014). Despite the 
awareness, that the number of analysed loci and in-
dividuals are of great significance (Bonin et al., 2007) 
there is no scientific consensus concerning this ques-
tion. Whereas Bonin et al. (2007) showed that the 
number of analysed loci had no strong effect on the 
resulting estimates, Hollingsworth and Ennos (2004) 
stated that the number of loci should be high enough 
(250 loci) for an accurate result in joining trees of 
poorly differentiated populations. Other authors 
reported increasing levels of polymorphisms with 
increasing sample size (Sinclair & Hobbs, 2009). Re-
gardless, there is by trend a striking increase of used 
individuals and loci for genetic studies in all markers, 
dominant and codominant. However, funding is often 
limited, especially in conservation, and financial re-
sources for molecular analyses should therefore be 
used efficiently. This means that the number of loci 
and individuals should be limited to the minimum 
necessary to draw conclusions for conservation.
In this study we analysed therefore, how many 
loci are needed to get a stable determination of ge-
netic diversity and how many individuals have to be 
analysed to cover respectively 90 % and 95 % of the 
total genetic diversity. We assume that the measured 
genetic diversity of a population increases by the 
number of investigated individuals until a plateau is 
reached. This curve progression of genetic diversity 
should either follow a steep increase within few indi-
viduals resulting rapidly in a high genetic variation or 
a very steadily increase might be possible; with a ge-
netic diversity remaining at low levels, reaching high 
genetic diversity not until a high number individuals 
was added. Such curve progressions most probably 
influence the number of individuals (minimum sam-
ple size = MSS) that needs to be collected in order to 
detect a sufficient genetic variation e.g. 95 % of the 
genetic variation estimated from the total population 
sample following Sedcole (1977). A similar approach 
was recently applied to determine the number of 
populations necessary to conserve the genetic var-
iation of a species within a specific geographic re-
gion (Whitlock et al., 2016). Here, we investigated 15 
different plant species in order to describe the curve 
progressions, which define the relation of genetic 
variation and the increasing number of individuals. 
More specifically, we answered the following two 
questions: 
1. How many loci are needed to receive a stable and 
resilient determination of the genetic diversity of 
a plant population? 
2. How many individuals have to be analysed to cov-
er 90 % and 95 % of a population’s genetic diver-
sity?
2.2 MATERIALS AND METHODS
SAMPLING OF PLANT MATERIAL
Our approach to measure a minimum sample size for 
genetic studies implied a satisfactory number of rep-
etitions in the sense of plant species and leave sam-
ples. Furthermore, with regard to a plant functional 
trait analysis we conducted our plant sampling at one 
site situated north of Regensburg, Bavaria, to guaran-
tee homogenous abiotic factors within one habitat. 
With a total area of approximatively 24 ha the site was 
large enough for an intensive sampling. At this loca-
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tion 15 representative plant species including grass-
es and herbs of calcareous grasslands (listed in Table 
2.1) were collected. We projected a grid with an edge 
length of 5 x 5 m on the area and randomly chose 50 
squares where we collected green leaf material of 
each occurring species. That way the total number of 
individuals for each species also represents its distri-
bution and abundance at the site. Consequently the 
samples sample sizes varied from 29 to 47 individuals 
per species across the whole study site. The sample 
sizes differed due to the abundance of the species on 
the grassland. The fresh plant material was placed in 
plastic bags, stored in cooling containers during col-
lection and subsequently at -20 °C until further pro-
cessing. In total 689 samples were analysed.
MOLECUL AR ANALYSIS
Following the CTAB protocol from Rogers and Ben-
dich (1994) adapted by Reisch (2007) the cellular DNA 
extraction was carried out with leaf samples of 20 mg. 
The DNA contents were determined with a photomet-
ric analysis and afterwards diluted to the same level 
of 7.8 ng DNA per µl H2O. For the analysis of genetic 
variation within populations, we chose the analysis of 
amplified fragment length polymorphism (AFLP, Za-
beau & Vos, 1993). As standardized in several previous 
studies the AFLP-protocol from Beckmann Coulter 
(Brea, USA) was used. DNA adapters were built from 
initially single strand DNA adapters EcoRI and MseI 
(MWG Biotech, Ebersberg, Germany) by heating equal 
volumes to 95 °C for 5 min and following a 10 min cool-
ing period at 20 °C.
For DNA restriction and adaptor ligation the ad-
justed DNA solution (6.4 µl) was blended with 3.6 µl of 
a restriction ligation mixture containing 2.5 U EcoRI 
(MBI Fermentas, St. Leon-Rot, Germany), 2.5 U MseI 
(MWG Biotech), 0.1 µM EcoRI and 1 µM MseI adapter 
pair, 0.5 U T4 Ligase with its corresponding buffer 
(MBI Fermentas), 0.05 M NaCl and 0.5 µg BSA (New 
England BioLabs, Ipswich, USA). After two hours of 
incubation at 37 °C and a final enzyme termination 
step at 70 °C for 15 min the resulting products were 
diluted 10-fold with 1x TE buffer (20 mM Tris-HCl, pH 
8.0, 0.1 mM EDTA, pH 8.0). For the pre-selective am-
plification 1 µl of the diluted restriction-ligation prod-
uct was added with a mixture of pre-selective 0.25 U 
EcoRI and MseI primers (MWG Biotech), H2O, 1x Buffer 
S, 0.2 mM dNTPs and 0.25 U Taq-Polymerase (PeqLab, 
Erlangen, Germany). The total volume of 5 µl per sam-
ple was processed in a thermocycler under following 
PCR conditions: initial 2 min at 94 °C, 30 cycles each 
with denaturation at 94 °C for 0.3 min, annealing at 
56 °C for 0.5 min, elongation at 72 °C for 2 min and an-
other 2 min at 72 °C after finishing the cycles. 30 min 
at 60 °C and a cool down to 4 °C complete the proce-
dure. Afterwards the resulting products were dilut-
TABLE 2.1 Investigated plant species. Names of the study species, used primer pairs, ind = number of analysed individuals, frag = number of 
detected fragments. B. pinnatum and T. chamaedrys marked with “#” are repetitions from a second calcareous grassland site
Species D2 D3 D4 ind frag
Anthyllis vulneraria L. s.l. CAA-AAC CAG-AAG CAG-ACA 29 310
Brachypodium pinnatum (L.) P. Beauv. CTC-ACC CAA-AAG CTG-ACA 37 168
Brachypodium pinnatum # (L.) P. Beauv. CTC-ACC CAA-AAG CTG-ACA 40 187
Centaurea stoebe L. s.l. CTT-AAC CAT-AAG CTT-ACA 47 197
Cerastium arvense L. CTA-AAC CAT-AGG CTA-ACA 36 249
Chamaecytisus ratisbonensis (Schaeff.) Rothm. CTA-AAC CTA-AGG CTG-ACA 38 244
Dianthus carthusianorum L. CTT-AGC CAA-AAG CAA-ACT 47 233
Galium verum L. s.str. CAA-AAC CAC-AAG CAC-ACA 43 227
Helictotrichon pratense (L.) Besser CTG-AGC CAT-AAG CTT-ACT 43 219
Koeleria pyramidata (Lam.) P. Beauv. CTG-AGC CAT-AAG CAG-ACT 43 212
Medicago falcata L. s.str. CAC-ACC CTA-ACG CTT-ACA 37 274
Phleum phleoides (L.) H. Karst. CAA-AAC CAC-AAG CTT-ACT 35 167
Sanguisorba minor Scop. s.l. CAC-ACC CAA-AGG CTA-ACA 40 178
Teucrium chamaedrys L. CAC-AGC CAC-AAG CTC-ACA 45 229
Teucrium chamaedrys # L. CAC-AGC CAC-AAG CTC-ACA 44 226
Teucrium montanum L. CAC-ACC CAA-AGG CAA-ACA 39 197
Thymus pulegioides L. s.l. CTA-AAC CAA-ACG CTG-ACT 46 133
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ed 20-fold with 1x TE buffer (20 mM Tris-HCl, pH 8.0, 
0.1 mM EDTA, pH 8.0). For each tested plant species 
three primer pairs were selected after executing a 
primer screening. The chosen primers are shown in 
Table 2.1. A separate PCR per primer pair was carried 
out containing 0.75 µl of the diluted pre-selective am-
plification product, and in total 4.25 µl of H2O, 0.25 µM 
selective MseI (MWG Biotech) primer, 0.05 µM selec-
tive EcoRI primer (Proligo, Paris, France), 10x Buffer 
S, 0.2 mM dNTP and 0.25 U Taq-Polymerase (PeqLab, 
Erlangen, Germany). To enable a simultaneous detec-
tion of resulting fragments the EcoRI primers were 
labelled, each pair with a different fluorescent dye 
(Beckmann Coulter, D2, D3, D4). The PCR run includ-
ed consecutive steps: initial 2 min at 94 °C, 10 cycles 
each with denaturation at 94 °C for 0.3 min, annealing 
starting at 66 °C for 0.5 min and elongation at 72 °C for 
2 min. With every cycle passed through the annealing 
temperature was lowered by 1 °C. Once the 10th cy-
cle was finished 25 more iteration with following run 
parameters were carried out: denaturation at 94 °C 
for 0.3 min, annealing at 56 °C for 0.5 min and elonga-
tion at 72 °C for 2 min. The PCR ended with 30 min at 
60 °C and a cool down to 4 °C. For achieving optimal 
results, the resulting amplified products were diluted 
differently with 1x TE buffer. 5 µl of each primer pair 
were mixed and 5 µl stop buffer (Na acetate (3 M, pH 
5.2), Na2EDTA (100 mM, pH 8) and glycogen (20 mgml-1 
Roche, Manheim, Germany) at a ratio of 2:2:1) added. 
60 µl of 96 % EtOH (4 °C) in combination with shaking 
causes the precipitation of the DNA and 20 min of cen-
trifugation at 14k rpm its aggregation. The superna-
tant was removed from the DNA pellet, washed with 
200 µl of 76 % ethanol (4 °C) and centrifuged (20 min, 
14k rpm) again. After discarding the supernatant, 
the pellet was dried in a concentrator (Eppendorf 
concentrator 5301; Eppendorf, Hamburg, Germany). 
Prior to the sequencer run, the DNA pellets were dis-
solved for 30 min in a mixture of 24.8 µl Sample Load-
ing Solution (Beckmann Coulter, USA) and 0.2 µl CEQ 
Size Standard 400 (Beckmann Coulter, USA). The se-
quencer used for fragment detection was a CEQ 8000 
(Beckmann Coulter, USA). For every investigated in-
dividual we exported the received data into three 
curve-files, each representing one primer pair. Those 
virtual gels were analysed manually for the occur-
rence of strong, well defined fragments (bands) using 
Bionumerics 6.6 (Applied Maths, Kortrijk, Belgium). 
The presence or absence of bands for every particular 
fragment size and individual was transformed into a 
binary (1-0) matrix, which served as basis for all fur-
ther analysis. Individuals showing no clear banding 
signals due to unsuccessful AFLPs were repeated or 
ultimately excluded.
STATISTICAL ANALYSIS
In total, the AFLP analysis delivered 17 binary matri-
ces with a widespread range of detected bands from 
133 to 319. For all subsequent calculations of genetic 
diversities, Nei’s Gene Diversity index (Nei, 1972) was 
used:
All analyses were conducted either in R 2.15 or when 
multiple iteration computations were necessary, by a 
self-developed web-based client/server application, 
based on Google Web Toolkit (GWT) (Kastlwerk, 2018). 
GENE DIVERSIT Y AND NUMBER OF ANALY-
SED FR AGMENTS
In a first step, a possible correlation between the 
number of detected fragments and Nei’s Gene Diver-
sity (He) was investigated. As the result indicated a 
strong correlation, secondly, in order to analyse all 
data uniformly, we searched for a threshold beyond 
which an increasing number of loci would not affect 
the calculated He of a species. This was done by cal-
culating He for each plant species using all available 
individuals and consecutively changing the number 
of loci as basis of the computation. The tested loci lev-
els were 20, 40, 60, 70, 80, 90, 100, 110, 120, 130, 140, 
160, 180, 200, 220 and 240. The loci were randomly 
selected without allowing duplicates; each step was 
repeated 10 times and here from one variance-value 
was calculated. This procedure was rerun 10 times to 
finally obtain 10 variance-values per fragment level 
and plant species. All resulting variances of all species 
and fragment levels were evaluated with a general-
ized linear model (McCullagh & Nelder 1989). 
GENE DIVERSIT Y AND NUMBER OF ANALY-
SED INDIVIDUALS
Based on the foregoing findings the number of ran-
domly selected fragments (m) was set to 120. With 
this new data set, we repeatedly calculated the Nei’s 
Gene Diversity (He) for k individuals, with k ranging 
from two to the maximal number of sampled individ-
uals (Table 2.1). The number of repeats (n) was set to 
50,000. All 50,000 He values for each k were summa-
rised in one mean value:
After that the procedure was rerun 9 times beginning 
with drawing 120 random fragments. The resulting 10 
He values for each number of tested individual and 
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each plant species were again summarised in one 
mean value. 
These values were firstly plotted and secondly the 
best equation describing the obtained non-linear sat-
uration curves for every plant species was fitted in R 
using nls function within the ‘stats’ package (R Core 
Team, 2013). Therefore, we tested following function 
types: 
root function:
monod hyperbola:
exponential saturation function:
sigmoid function:
and chose the model with the smallest Standard Er-
ror of the Regression (S) for further analysis. As the 
sigmoid function was revealed as best fitting model 
the function parameters a, b, c were calculated for 
the existing data (k = 1 to kmax = maximal individuals). 
All calculated parameters are shown in Table  2.2. 
Moreover, the values from k100 were predicted using 
the resulting equation. He at a predicted population 
size of 100 individuals served as default value. Based 
on this value a 90 % and 95 % He threshold follow-
ing Sedcole (1977) was calculated and the associ-
ated number of individuals was determined, which 
therefore represents a minimum sample size (MSS90, 
MSS95). Both collection numbers were tested against 
each other for significant differentiation via a paired 
t-test. For a graphical display the saturation curves 
for every species were plotted using the calculated 
factors a, b and c. In addition, the confidence inter-
vals are shown.
IMPACT OF LIFE HISTORY TR AITS
In order to investigate the influence of life history 
traits on the resulting MSS we used Pearson’s product 
moment correlations for following continuous/metric 
variables ‘canopy height’, ’release height of seeds’, 
‘seed mass’, ‘longevity index’, ‘number of dispersal 
vectors’ and ‘length of flower season’. One-way ANO-
TABLE 2.2 Results of the MSS90 and MSS95 analyses. Investigated plant species (# = species collected on another sample site), calculated 
factors (a, b, c) for describing a sigmoid equation, Nei’s Gene Diversity calculated with the maximum number of investigated species (=Hemax), 
the predicted Nei’s Gene Diversity for 100 individuals (=He100), minimum sample size for 90 % (MSS90) respectively 95 % (MSS90) of the predicted 
Nei’s Gene Diversity. 
Species a b c Hemax He100 MSS90 MSS95
Anthyllis vulneraria L. s.l. 0.264 3.060 -1.303 0.25649 0.2618 12.046 20.285
Brachypodium pinnatum (L.) P. Beauv. 0.236 3.805 -1.268 0.22936 0.2339 14.942 24.992
Brachypodium pinnatum # (L.) P. Beauv. 0.262 3.615 -1.243 0.23189 0.2339 15.055 25.333
Centaurea stoebe L. s.l. 0.283 3.709 -1.287 0.27803 0.2806 14.179 23.695
Cerastium arvense L. 0.303 3.526 -1.343 0.29730 0.3012 12.462 20.704
Chamaecytisus ratisbonensis (Schaeff.) Rothm. 0.279 3.028 -1.432 0.27642 0.2777 9.772 16.023
Dianthus carthusianorum L. 0.306 3.197 -1.338 0.30257 0.3040 11.734 19.594
Galium verum L. s.str. 0.262 3.257 -1.223 0.25578 0.2592 14.473 24.583
Helictotrichon pratense (L.) Besser 0.273 4.543 -1.162 0.25997 0.2670 20.610 34.068
Koeleria pyramidata (Lam.) P. Beauv. 0.289 4.003 -1.203 0.28021 0.2848 17.424 29.168
Medicago falcata L. s.str. 0.317 3.543 -1.435 0.30866 0.3112 10.804 17.628
Phleum phleoides (L.) H. Karst. 0.254 3.164 -1.228 0.24633 0.2510 14.036 23.872
Sanguisorba minor Scop. s.l. 0.225 4.366 -1.163 0.21339 0.2203 19.996 33.194
Teucrium chamaedrys L. 0.293 3.259 -1.300 0.28706 0.2903 12.664 21.274
Teucrium chamaedrys # L. 0.286 3.715 -1.368 0.28249 0.2838 12.400 20.465
Teucrium montanum L. 0.271 3.739 -1.357 0.26571 0.2689 12.686 20.971
Thymus pulegioides L. s.l. 0.296 3.432 -1.307 0.29131 0.2939 12.974 21.711
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VAs were used for the examination of the correlations 
of ‘pollination vector’ (wind-pollinated, insect-polli-
nated) and the ‘ability to grow clonal’ (yes, no) with 
MSS. As prerequisite, Nei’s Genetic Diversity (He) val-
ues were tested for a correlation with the life history 
traits to exclude any dependencies. As there could be 
another outcome with MSS90 we repeated the tests 
with those integers and as the results did not differ 
we excluded them from further analysis (= not shown 
in this work). The data for all life history traits were 
taken from two databases, BioPop (Poschlod et al., 
2003) and Leda (Kleyer et al., 2008) (Table 2.5).
FIGURE 2.1 Relationships between the number of fragments 
and the estimated genetic diversity for studied plant species (N = 17). 
Pearson correlation: r = 0.372, t-value = 1.552, df = 15, p-value = 0.142 
FIGURE 2.2 Relationships between the MSS95 the estimated ge-
netic diversity for studied plant species (N = 17). Pearson correlation: 
r = -0.602, t value = -2.929, df = 15, p-value = 0.011 *
FIGURE 2.3 Number of fragments 
plotted against the variance of all in-
vestigated species (N = 17).
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FIGURE 2.4 Display of all investigated plant species. Number of species is drawn against Nei’s Gene Diversity. Measured data of the 
calculated curves are pictured with a solid black line; predicted data is shown in dashed black. Confidence intervals are given as dashed 
grey lines. The horizontal dashed grey line gives information about the maximum predicted Nei’s Gene Diversity of 100 individuals (He100) 
and serves as base for the solid grey line that displays the Nei’s Gene Diversity at a 95 percent level (MSS95). The associated vertical solid 
grey line marks the intersections with the curve and x-axis and presents the minimum sample size (MSS95).
Anthyllis vulneraria__ Brachypodium pinnatum__
Cerastium arvense__ Chamaecytisus ratisbonensis__
Helictotrichon pratense__ Koeleria pyramidata__
Phleum phleoides__ Teucrium chamaedrys__
  
15
Sampl ing for conser vat ion genet ics
●
●
●
●
●
●
●
●●
●●
●●
●●●
●●●●●
●●●●●●●
●●●●●●●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Medicago falcata
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
18 Individuals
●
●
●
●
●
●
●
●●
●●
●●
●●●
●●●●
●●●●●
●●●●●●●
●●●●●●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Sanguisorba minor
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
33 Individuals
●
●
●
●
●
●
●
●●
●●
●●●
●●●●
●●●●●●
●●●●●●●●●
●●●●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Teucrium montanum
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
21 Individuals
●
●
●
●
●
●
●
●●
●●
●●
●●●
●●●●
●●●●●●
●●●●●●●●●●
●●●●●●●●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Thymus pulegioides
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
22 Individuals
●
●
●
●
●
●
●
●●
●●
●●●
●●●●
●●●●●
●●●●●●●●
●●●●●●●●●●●●●
●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Dianthus carthusianorum
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
20 Individuals
●
●
●
●
●
●
●
●●
●●
●●●
●●●●
●●●●●
●●●●●●
●●●●●●●●●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Brachypodium pinnatum #
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
25 Individuals ●
●
●
●
●
●
●
●
●●
●●
●●●
●●●●
●●●●●
●●●●●●●●
●●●●●●●●●●●●
●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Centaurea stoebe
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
24 Individuals
●
●
●
●
●
●
●
●●
●●
●●●
●●●●
●●●●●
●●●●●●●
●●●●●●●●●●●
●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Galium verum
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
25 Individuals
●
●
●
●
●
●
●
●●
●●
●●●
●●●●
●●●●●●
●●●●●●●●●
●●●●●●●●●●
0 20 40 60 80 100
0.
00
0.
05
0.
10
0.
15
0.
20
0.
25
0.
30
0.
35
Teucrium chamaedrys #
Number of Individuals
N
ei
‘s
 G
en
e 
D
iv
er
si
ty
20 Individuals
Brachypodium pinnatum #__ Centaurea stoebe__
Dianthus carthusianorum__ Galium verum__
Medicago falcata__ Sanguisorba minor__
Teucrium chamaedrys #__
Thymus pulegioides__
Teucrium montanum__
16
C h a p t e r  2
2.3 RESULTS
GENE DIVERSIT Y AND NUMBER OF ANALY-
SED FR AGMENTS
The number of detected fragments ranged from 133 
for Thymus pulegioides to 319 for Anthyllis vuleraria. 
Although Figure 2.1 appears to show a correlation be-
tween the number of detected loci and the height of 
Nei’s Gene Diversity (He), this result was not statisti-
cally significant (p = 0.142, t = 1.552, r = 0.372). 
As Figure 2.2 shows, MSS95 was significantly corre-
lated with He (p = 0.011, t = -2.929, r = -0.602). The same 
applied for MSS90 (p = 0.013, t = -2.815, r = -0.588). 
The analysis of the different variances for the test-
ed numbers of loci showed that the minimum number 
of fragments to estimate genetic diversity was 120. 
Below this threshold, the fluctuation of the calculat-
ed data had a significant influence on the variance of 
the data and therefore on He. Above this value, there 
was no significant difference to the maximum Hemax 
(Figure 2.3, Table 2.3).
GENE DIVERSIT Y AND NUMBER OF ANALY-
SED INDIVIDUALS
The run of the sigmoid saturation curves showed that 
the different number of sampled individuals had a 
clear impact on the maximum measured Nei’s Gene 
Diversity (Hemax). For most of the tested species like 
Chamaecytisus ratisbonensis or Anthyllis vulnerar-
ia, the curves showed a steep ascending slope for 
a sample size between 2 and 15. On the other hand 
we also detected flat inclinations for species like He-
lictotrichon pratense or Koeleria pyramidata. In the 
subsequent development, the curves plateaued. The 
sigmoid curve consisted of three factors a, b, c. While 
a describes the maximum possible genetic variation 
of the tested species, both remaining factors b and c 
together define the steepness of the curves progres-
sion. The smaller b and c, the steeper the slope, i.e. 
the faster MSS95 is reached (Figure 2.4).
The values for MSS95 were significantly higher 
than for MSS90 (p < 0.0001, t = -19.323). The calculat-
ed values ranged from a minimum of MSS90 = 9.77 
respectively MSS95 = 16.02 for Chamaecytisus ratis-
bonensis to a maximum of MSS90 = 20.61 respectively 
MSS95 = 34.07 for Helictotrichon pratense. The mean 
value for a minimum sample size including all spe-
cies is 14.0 for a 90 % coverage of the population’s 
estimated total Gene Diversity (= MSS90) and 23.4 for 
a 95 % coverage (= MSS95), respectively. The highest 
measured Nei’s Gene Diversity (He) with 48 investi-
gated individuals had Medicago falcata with 0.309, 
the lowest value had Sanguisorba minor (40 tested 
individuals) with 0.213. The mean calculated He for 
all species was 0.268. It is worth mentioning that the 
repeated collection of the two species Brachypodium 
pinnatum and Teucrium chamaedrys at different field 
sites did not influence the MSS90, which is 14.94 vs. 
15.06 for Brachypodium pinnatum e.g. 12.66 vs. 12.40 
for Teucrium chamaedrys. Figure 2.4 shows He values 
which were plotted against the gradually increasing 
number individuals and the fitted curves for each 
species. The related factors a, b, c and the expect-
ed maximum Nei’s Gene Diversity (He100 = calculated 
Nei’s Gene Diversity for 100 individuals) compared 
to the Hemax (calculated value with the all sampled 
individuals per species) are shown in Table 2.2. Both 
values, Hemax (p = 0.011, t = -2.919, r = -0.602) and He100 
(p = 0.014, t = -2.781, r = -0.583) correlated significantly 
with MSS95, showing a negative dependency between 
the minimum sample size and the height of He. On the 
other hand, MSS95 did not depend on the total num-
ber of tested individuals (p-value = 0.498, t = 0.694, 
r = 0.176).
Estimate Std. Error t-value Pr(>|t|)
(Intercept) 2.59E-05 5.31E-05 0.488 0.6255
Frag_240 vs. 20 1.48E-03 5.59E-05 26.406 < 2e-16 ***
Frag_240 vs. 40 6.83E-04 5.59E-05 12.210 < 2e-16 ***
Frag_240 vs. 60 3.47E-04 5.59E-05 6.211 6.20E-10 ***
Frag_240 vs. 70 2.95E-04 5.59E-05 5.278 1.42E-07 ***
Frag_240 vs. 80 2.19E-04 5.59E-05 3.914 9.33E-05 ***
Frag_240 vs. 90 1.88E-04 5.59E-05 3.357 0.000801 ***
Frag_240 vs.100 1.38E-04 5.59E-05 2.472 0.013498 *
Frag_240 vs. 110 1.08E-04 5.59E-05 1.936 0.052982 .
Frag_240 vs. 120 8.96E-05 5.59E-05 1.603 0.109140
Frag_240 vs. 130 6.80E-05 5.59E-05 1.216 0.224038
Frag_240 vs. 140 5.00E-05 5.61E-05 0.891 0.372925
Frag_240 vs. 160 2.37E-05 5.61E-05 0.422 0.673291
Frag_240 vs. 180 1.11E-05 5.70E-05 0.194 0.846090
Frag_240 vs. 200 -1.83E-06 5.81E-05 -0.032 0.974839
Frag_240 vs. 220 1.45E-06 6.85E-05 0.021 0.983161
Residual std. error: 0.0002373 on 2404 degrees of freedom
Multiple R-squared:0.724
TABLE 2.3 Output of a generalized linear model. Results of a GLM 
in which the differentiation of the variance of the maximum num-
ber of detected fragments (240) was tested against different frag-
ment-levels (20 - 220). Up to 100 fragments there was a significant 
difference in the variance noticeable and also 110 fragments dis-
played a tendency. Using 120 fragments or more showed no signif-
icant difference between the maximum fragment variance and the 
tested fragment-level.
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PL ANT FUNCTIONAL TR AITS CORREL ATE 
WITH MSS BUT NOT WITH NEI’S GENE DI-
VERSIT Y
The investigation of a possible relation between 
the minimum sample size (MSS) and life history traits 
revealed only one trait with a significant correlation. 
The pollination type correlated significantly with 
MSS90 (r = 0.75, p = 0.0003, Table 2.4) and MSS95 (r = 0.76, 
p = 0.0002, Table 2.4). In both cases insect-pollinated 
species had a significantly lower MSS (MSS90 with 
12.381 ± 0.40 SE, MSS95 with 20.630 ± 0.73 SE) than 
wind-pollinated plants where 17.011 ± 1.14 SE (MSS90) 
and 28.438 ± 1.80 SE (MSS95) individuals must be col-
lected to reach 95 % of the total Nei’s Gene Diversi-
ty. Insect-pollinated species had higher measure-
ments of Nei’s Gene Diversities (0.28 ± 0.01 SE) than 
wind-pollinated species (0.24 ± 0.02 SE), but like all 
other tested life history traits, this difference was not 
significant (Table 2.4).
2.4 DISCUSSION
In this study we analysed how many loci and individu-
als are needed for a stable determination of 90 % and 
95 % of the total genetic diversity of a plant popula-
tion. In this way, we wanted to contribute to a more 
efficient use of the financial resources available for 
the analysis of genetic diversity. 
In order to determine the adequate number of in-
dividuals, it was necessary to specify the number of 
fragments, which are required to capture most of a 
population’s genetic diversity. Simulations of Mari-
ette et al. (2002) showed that AFLP markers produce 
good estimates of genetic variation at whole genome 
level, but when migration rates are higher and popu-
lations exhibit low genomic heterogeneities, at least 
ten times more markers are necessary to reach the ef-
ficiency of microsatellites to predict the whole genet-
ic diversity. The results for our 15 surveyed calcareous 
grassland species showed that reaching a number of 
120 fragments (poly- and monomorphic) is sufficient 
to estimate a population’s genetic diversity via AFLPs. 
Beyond this threshold, additional fragments did not 
significantly increase the estimates of genetic diver-
sity. Fewer than 120 fragments resulted in significant-
ly lower estimates of genetic diversity and therefore 
increased the probability of not embracing the total 
TABLE 2.4 Analyses of variance conducted with different life history traits as responsive variables. Number of studies in each group (n), mean 
values, standard derivation (SD), t-values, residual standard errors, degrees of freedom, p-values, Fstat and adjusted r are given.
n mean SD t-value Residual 
SD error
degrees of 
freedom
p-value Fstat r
MSS90
Pollination vector 1,949 15 0.0003 21,91 0.75
 Insect 11 12,381 0,590 21,074
 Wind 6 17,011 0,990 4,681
MSS95
Pollination vector 3.219 15 0.0002 22.84 0.76
 Insect 11 20.631 0.947 21.258
 Wind 6 28.438 1.634 4.779
Clonality 5.070 15 0.6230 0.25 0.13
 yes 8 24.041 1.793 13.412
 no 9 22.804 2.464 -0.502
Canopy height 17 0.497 1.373 15 0.1900 0.33
Release height 17 0.559 1.622 15 0.1256 0.39
Seedmass 17 2.009 0.965 15 0.3501 0.24
Longevity index 17 0.093 -0.522 10 0.6133 -0.16
Dispersal vectors 17 2.846 0.899 11 0.3880 0.26
Flower duration 17 3.000 0.273 15 0.7890 0.07
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Except for Sanguisorba minor, the majority of our in-
vestigated wind-pollinated species were grasses. 
Considering the pollination vector the referred study 
divided their surveyed species into three groups with 
an additional category self-pollinated and found no 
clear results, which was explained by the difficult 
designation of the species’ pollination vectors. This 
contradiction may be explained by different sample 
designs of the studies. Most of the surveyed articles 
had a large-scaled focus with a mean distance be-
tween the populations of 1,513 ± 2,529 km. We on the 
other hand tested individuals on a small scale of 440 
meters, with an emphasis on the genetic variation 
within the population of a species. From this point 
of view, a lower genetic variation of wind-pollinat-
ed plants can be expected due to the fact, that pol-
len transported via wind can bridge larger distances 
between the individuals of one population than be-
tween insect-pollinated plant individuals. Therefore 
genetic differentiation of wind-pollinated individuals 
can be considered smaller, i.e. the individuals of this 
population are more genetically homogeneous. On 
the other hand we would predict insect-pollinated 
plants to display a higher genetic heterogeneity with-
in the population because of a smaller transportation 
vector and a higher selectivity of the pollinators. As 
genetic variability rises with the number of different 
tested individuals, for a genetically homogeneous 
population a higher sample size has to be collected to 
gain 95 % of the total genetic variation. The homoge-
ny leads to the fact that more individuals need to be 
collected over the whole population to sufficiently 
characterize the genetic variation.
CONCLUSIONS
Our findings demonstrate that on the whole, in most 
studies a sufficient number of individuals or rather 
just as many individuals have been used for the esti-
mation of genetic variation resulting in diversity val-
ues located on the plateau of the progression curves. 
We therefore emphasise that there is no need to fol-
low the trend to increase sample sizes, as it is an un-
necessary expense in time and money. Financial re-
sources should instead better used to analyse further 
populations or species. 
population’s genetic variation. This perfectly fits the 
results of Mittell et al. (2015) who showed that the me-
dian of 10 microsatellite loci currently used in genetic 
studies is sufficient for characterising a population’s 
molecular genetic variation.
Based on these findings, we investigated our sec-
ond question concerning the sufficient number of in-
dividuals to satisfactorily characterize and compare 
the genetic diversity of populations. To exclude bias 
of fragment detection, we randomly chose 120 frag-
ments each for all following tests. The results showed 
that He followed a non-linear saturation curve, which 
ascended steeply with sample size until a plateau 
was reached. In other words, the curve progression 
culminated in a saturation point beyond which an in-
creased sample size had no significant influence on 
the genetic variation estimated from the total popu-
lation sample. Our compilation of 15 different calcar-
eous grassland species revealed that an overall mean 
of 23.4 ± 1.20 randomly chosen individuals per pop-
ulation were sufficient to cover 95 % of the total ge-
netic variance. Interestingly, similar results have been 
reported for other organisms such as lichens (Werth, 
2011) or birds (Pruett & Winker, 2008). Our results were 
also corroborated by the work of McGlaughlin et al. 
(2015). The authors of this study determined a range 
of 10 to 30 individuals necessary to capture 90 % of 
the genetic variation estimated from the total pop-
ulation sample of an endangered Californian plant 
species, which matches with our observations. Fewer 
individuals are required to estimate diversity when 
diversity is great (t = -2.919, df = 15, p-value = 0.011, 
r = -0.602). But neither MSS nor He was dependent 
on the initial total number of individuals (population 
size). This supports the results of the review of Reisch 
and Bernhardt-Römermann (2014) who showed that 
genetic variation was independent from sample size 
and who concluded that the number of individuals 
did not influence the outcome of study comparisons. 
Pollination type was the only life history trait 
that was significantly correlated with MSS95 (r = 0.78, 
p = 0.0002). In order to characterize the genetic var-
iation of wind pollinated plants, more individuals 
had to be collected than for insect pollinated species 
(MSS90 with 17.0 ± 1.1 SE individuals vs. 12.4 ± 0.4 SE, 
MSS95 28.4 ± 1.8 SE individuals vs. 20.6 ± 0.7 SE). Curve 
progressions in the two categories were almost con-
stantly different with insect pollinated plants showing 
higher values of genetic variation and a steeper curve 
progression than wind pollinated plants. However, 
He was not significantly different. This can be relat-
ed to the findings of Reisch & Bernhardt-Römermann 
(2014) who also had non-significant but higher genetic 
variations for dicotyledons than for monocotyledons. 
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TABLE 2.5 List of studied plant species and plant traits (- = phyte): li = longevity index, sla = specific leaf area.
Species polli-
nation 
vector
clon-
ality
mean 
height 
life form release 
height
seed 
mass
li sla dispersal 
vectors
flower 
duration
Anthyllis vulneraria insect no 0.200 hemicrypto- 0.150 2.450 0.03 15.91 4 5
Brachypodium pinnatum wind yes 0.600 geo- 0.600 3.250 0.02 28.32 2 2
Centaurea stoebe insect no 0.550 hemicrypto- 0.625 1.715 NA NA 2 3
Cerastium arvense insect yes 0.125 chamae- 0.175 0.300 0.18 37.65 NA 6
Chamaecytisus ratisbonensis insect no 0.350 chamae- 0.213 5.200 NA NA NA 2
Dianthus carthusianorum insect yes 0.260 chamae- 0.300 0.875 NA 19.81 NA 3
Galium verum insect no 0.425 hemicrypto- 0.400 0.396 0.02 22.93 4 2
Helictotrichon pratense wind no 0.650 hemicrypto- 0.550 1.908 0.07 10.39 3 4
Koeleria pyramidata wind yes 0.325 hemicrypto- 0.550 1.300 NA 16.57 NA 3
Medicago falcata insect yes 0.350 hemicrypto- 0.350 2.000 0.04 NA 3 4
Phleum phleoides wind no 0.300 hemicrypto- 0.388 0.140 0.22 17.40 2 1
Sanguisorba minor wind yes 0.200 hemicrypto- 0.245 5.284 0.05 20.34 5 4
Teucrium chamaedrys insect no 0.225 chamae- 0.200 1.467 0.1 17.29 1 1
Teucrium montanum insect no 0.200 chamae- 0.160 0.950 NA NA 1 4
Thymus pulegioides insect yes 0.200 chamae- 0.225 0.100 0.27 27.95 5 4
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CHAPTER 3
Species distribution model reveals suitable climates 
for oceanic species during the Last Glacial Maximum
ABSTRACT
The peninsulas of Southern Europe, Iberia, Italy and the Balkans are traditionally 
viewed as refugia for temperate plant species during the Last Glacial Maximum (LGM). 
These assumptions are based on a latitudinal gradient representing an increasing 
temperature towards the south. Recently, attention has been drawn to the oceanity 
as a second gradient which as well might have influenced the migration of plants. 
Using the software Maxent, we computed species distribution models (SMD) to 
exemplarily predict the present and past potential geographical distribution of the 
Horseshoe vetch (Hippocrepis comosa), a plant depending on oceanic climates. While 
studies of continental steppe plants mainly focused on the impact of a longitudinal 
gradient in eastern Europe and Asia, we demonstrate with our work that ocean-
ic plants from Central Europe migrated to southern refugia not alone because of a 
temperature gradient from north to south. For these species oceanity is an equally 
important parameter, which decreased in Central Europe during the LGM and there-
fore caused a migration not only to the south but also to the west. Furthermore, the 
results strongly support the existence of possible cryptic refugia in northwest Europe 
and might also be applied to other species with oceanic habitats.
K E Y W O R D S
LGM, species distribution model, horseshoe vetch, Hippocrepis comosa
3.1 INTRODUCTION
On the geologic time scale the current and most re-
cent period, the Quaternary (beginning 2.5 Mya) and 
within it the Pleistocene, was an epoch characterized 
by strong cyclic climatic changes (Lowe & Walker, 
1997). Warm climate periods (interglacials) alternat-
ed with cold ones (glacials). During the latter, glaciers 
on the northern hemisphere expanded. One of the 
coldest periods for the last 100,000 years took place 
during the last glacial maximum (LGM), approximate-
ly 21,000 years ago. Studies showed that during this 
period northern Europe from Scandinavia to Ireland 
was covered by an ice shield (Lang, 1994; Ruddiman & 
Thomson, 2001). Since climate is considered to be the 
most important parameter influencing species distri-
bution on a large geographic scale (Willis & Whittaker, 
2002; Pearson & Dawson, 2003), decreasing tempera-
tures during the glacial probably caused strong shifts 
in species composition and distribution mainly on 
the northern hemisphere (Lang, 1994; Williams et al., 
2001; Ohlemüller et al., 2012; Hejcman et al., 2013). 
Temperate species of flora and fauna retracted to 
lower geographic latitudes, known as refugia, which 
for Europe are postulated to be three refugia locat-
ed on the peninsulas of Iberia, Italy and the Balkans 
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(Huntley & Webb, 1989; Bennett et al., 1991; Taberlet 
et al., 1998). Consequently, during the following post-
glacial warming period the recolonization of Central 
and north Europe is supposed to have originated from 
these locations (Harrison & Prentice, 2003; Hewitt, 
2004; Corlett & Westcott, 2013). In addition to this lat-
itude-dependent shift from north to south a second 
driving parameter influenced the migration routes 
of species. Often neglected in the discussion, a lon-
gitudinal gradient in form of a decreased amount of 
water availability was assumed during the LGM (Lowe 
& Walker, 1997; Stewart et al., 2010). Demonstrated in 
an average model by the Palaeoclimate Modelling In-
tercomparison Project (PMIP3, Braconnot et al., 2012) 
precipitation in Central Europe was lower than today. 
As a further consequence, a dropping sea level ex-
posed new land masses between continental Europe 
and the British Isles and in the west of France, which 
could have increased a more continental climate in 
Central Europe. Therefore, temperate species that 
are adapted to an oceanic climate not only had to 
migrate southwards to the warmer refugia but also 
westwards to avoid the continental climate. A tech-
nique of predicting these possible suitable refugia ar-
eas of plants for past (e.g. glacial refugia), present or 
future times with climate data are species distribution 
models (SDM). In this study we used this method to 
survey the potential impact of the glacial climate on 
the oceanic / sub-mediterranean species Hippocrep-
is comosa and its predicted refugia. Within Maxent, 
a machine learning application we firstly calibrated 
a model containing actual distribution data of Hip-
pocrepis comosa in combination with a set of today’s 
climate parameters (Elith & Leathwick, 2009). Sec-
ondly, this model was used to process climate data 
prevailing during the last glacial maximum to predict 
suitable refugia. We assume that H. comosa shifted 
westwards in the glacial periods due to the lateral ex-
pansion of continental climate, and additional to its 
sub-mediterranean character also southwards.
3.2 MATERIAL AND METHODS
DATA COLLECTION AND PREPAR ATION
Information containing georeferenced occurrences 
of Hippocrepis comosa were downloaded from the 
Global Biodiversity Information Facility (GBIF, http://
gbif.org). The total number of downloaded data was 
17,934 with about 7,000 locations clustered in the 
northern half of France. Therefore and because of the 
fact that the data set showed a mixture of grid based 
data (mainly in Germany, France, Spain and UK) and 
pinpoint occurrences, an uniform raster was created 
with a point distance of 2.5 minutes in an unprojected 
coordinate reference system (WGS84) encompassing 
the total distribution area of the Hippocrepis como-
sa. With this approach sampling bias can be avoided 
(Wisz et al., 2008). The new distribution map was re-
duced to 2,794 points, 38 of them were additionally 
added from another study focusing on the same spe-
cies (see Chapter 4). Geological parameters had to be 
excluded from our survey, as due to our grid based 
approach, the occurrence data of H. comosa would 
have been linked to incorrect edaphic values. Fur-
thermore, to our knowledge, geological maps that 
describe the edaphic conditions during the LGM, es-
pecially in regard to current undersea areas, are not 
available.
To describe the climatic circumstances of the pres-
ent age and the LGM (about 22,000 years ago) we used 
19 bioclimatic variables (listed in appendix Table 3.1). 
The variables are derived from monthly mean tem-
perature and precipitation and represent climatic an-
nual trends, seasonality and extreme conditions. Pro-
vided as separate climate layers at WorldClim (http://
worldclim.org, Version 1.4, release 3, Hijmans et al., 
2005), data were downloaded as grid (raster) format. 
The resolution of the data was 2.5 minutes (WGS84, 
unprojected). The current conditions involve inter-
polation of observed data from 1950 to 2000. As cli-
matic data for the Last Glacial Maximum conditions 
two different reconstructions were used: CCSM4 and 
MPI-ESM-P. All gathered from WorldClim the original 
data were provided by the Coupled Model Intercom-
parison Project (CMIP5). The resolution was 2.5 min-
utes (WGS84, unprojected). Since Hippocrepis comosa 
exclusively occurs in Europe, geographic data were 
reduced to the European region. To avoid geographic 
bias data were projected to an equal area projection 
(Europe Albers EAC). All GIS related work was done in 
ArcGis 10.2.2 (ESRI, Redlands, CA, USA). 
SPECIES DISTRIBUTION MODELING
Ecological niche modeling and the subsequent crea-
tion of the geographic distribution maps of Hippocre-
pis comosa at present and past time was computed 
with the program Maxent, version 3.3.3 (Phillips et 
al., 2006; Phillips & Dudik, 2008). The Maxent software 
uses a maximum entropy algorithm which is well suit-
ed for species habitat modelling using presence-only 
data (Elith et al., 2006; Elith et al., 2011). Therefore, it 
is a proper method for predicting species distribu-
tions for both past and future orientated scenarios 
(Hijmans & Graham, 2006). In a first step we calibrated 
the model with the actual occurrence data of Hippo-
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crepis comosa together with all current 19 bioclimatic 
variables. The resulting potential species distribution 
model was then projected onto the climate condi-
tions prevailing during the last glacial maximum. To 
validate the informative value of the model regard-
ing species distribution we used the area under the 
receiver operating characteristic (ROC) curve (AUC) 
(Fielding & Bell, 1997), which is an implemented val-
idation routine within Maxent. The occurrence data 
were randomly partitioned into 2 groups: One group 
containing 75 % of the data was used for the model 
calibration, the remaining 25 % were used for model 
testing (Phillips et al., 2006). High AUC values (> 0.7) 
indicate a good model performance (Fielding & Bell, 
1997). With following exceptions we used the default 
settings in Maxent (Phillips & Dudik, 2008). The con-
vergence threshold was set to 10-5, the maximum 
number of iterations was 5,000 and 15 replicates with 
the replicated run type “subsample” were made. The 
selection of the relevant climate data was automated. 
As threshold rule we chose maximum test sensitivity 
and specificity (MTSS) to optimize the correct dis-
crimination of presences and pseudoabsences in the 
test data (Hernandez et al., 2006; Jimenez-Valverde & 
Lobo, 2007). The continuous logistic output of Maxent 
was transformed in a binary presence-absence map. 
The threshold value for presence was based on MTSS 
values which were averaged over 15 runs. 
3.3 RESULTS
The following three maps show the predicted geo-
graphic distribution of H. comosa for present time 
and the two diff erent climatic assumptions (CCSM4 
and MPI-ESM-P) for the LGM. The model for today’s 
distribution of H. comosa (Figure 3.1) displays a good 
prediction of the reported locations. Aberrations can 
be a result of an imprecise sampling design, due to 
the fact that first we had to rasterize all data and sec-
ond an unsteady participation of European countries 
in providing occurrence data of the investigated plant 
species. Also, geological aspects were not included 
in the model. If taken into consideration they would 
rule out areas with no occurrences of calcareous sub-
strates like in north Germany and the Netherlands or 
silicate aff ected subsoils for example in France or the 
Czech Republic. Nevertheless, when the focus lies on 
climatic factors only, these regions also provide suit-
able climatic habitats for H. comosa. 
Out of all 19 tested bioclimatic parameters, “Pre-
cipitation of Driest Quarter” (BIO17), had the highest 
influence on the prediction of suitable habitats of the 
actual occurrence of H. comosa, with a contribution 
to the model of 45 %. Together with “Temperature 
Annual Range” (BIO7, percent contribution: 36 %) and 
the “Isothermality” (BIO3, percent contribution: 8 %, 
Isothermality = Mean Diurnal Range / Temperature 
Annual Range * 100) ranked second and third the first 
3 parameters contribute with 89 % to the final model. 
FIGURE 3.1 Distribution Model 
of Hippocrepis comosa in Europe 
based on current climate data. 
Dark grey areas indicate suitable 
habitats within the ecological 
niche, light grey area are unsuita-
ble habitats for H. comosa. Black 
dots show the occurrence data 
gathered from GBIF and used for 
modelling. National boundaries 
are given.
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Figure 3.2 and Figure 3.3 show projected maps of 
the distribution model of H. comosa at the LGM (about 
22,000 years ago). The first is based on climatic as-
sumptions of the CCSM4 reconstruction, whereas 
the latter display is based on another climatic model 
MPI-ESM-P. Both models eff ected good performanc-
es with AUCs of 0.890 for CCSM4 and 0.889 for MPI-
ESM-P. In both predictions of suitable climatic hab-
itats for H. comosa similar distribution maps were 
computed. Separated by the Alps two major clusters 
could be distinguished: One situated in the west of 
Europe involving todays submersed lands west of 
France and the UK, France and the North of Spain and 
a second embracing Italy, the Adriatic Sea and parts 
of the Balkan Peninsula. Corresponding to the pos-
tulated refugia on the Peninsulas of Iberia, Italy and 
Balkan these regions formed suitable habitats for H. 
comosa during the LGM. In general, the model based 
on MPI-ESM-P data showed a stronger tendency of 
shift ing suitable habitats towards the south and west 
than the CCSM4 model.
FIGURE 3.3 Species distribu-
tion model projection of Hippo-
crepis comosa at the LGM based 
on the output of the MPI-ESM-P 
scenario. Dark grey areas indicate 
suitable habitats within the eco-
logical niche, light grey area are 
unsuitable habitats for H. comosa. 
Ice shields are shown in white with 
a dark outline. National bounda-
ries represent todays European 
land area.
FIGURE 3.2 Species distribu-
tion model projection of Hippocre-
pis comosa at the LGM (Last Glacial 
Maximum, 21,000 ya) based on 
the output of the CCSM4 scenar-
io. Dark grey areas indicate suita-
ble habitats within the ecological 
niche, light grey area are unsuit-
able habitats for H. comosa. Ice 
shields are shown in white with a 
dark outline. National boundaries 
represent todays European land 
area.
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3.4 DISCUSSION
As the predicted present day distribution of Hippo-
crepis comosa showed a good match with the actual 
distribution, we considered the following SDM pre-
dictions suitable habitats during the Last Glacial Max-
imum as realistic. Our findings support the generally 
accepted assumption of northern temperate species 
outlasting the LGM in south located European refugia 
(Huntley & Birks, 1983; Bennett et al., 1991; Taberlet 
et al., 1998; Hewitt, 1999, 2000). Additionally, the re-
sults of the species distribution models suggest the 
existence of possible refugia in France and along the 
Atlantic coast up to the UK. Both models (CCSM4 
and MPI-ESM-P) show differences in this area. While 
CCSM4 predicts suitable habitats for almost entire 
France and even parts of south west Germany (Figure 
3.2) the MPI-ESM-P model draws the restriction fur-
ther west (Figure 3.3). The reason lies most probably 
in the fact that both models make different assump-
tions regarding annual precipitation. While CCSM4 
model only shows drier summer in central Spain and 
north Italy but not in Central Europe, the opposite 
conditions are predicted by the MPI-ESM-P model 
(PMIP3, Braconnot et al., 2012). Given that the main 
contributing parameter in our models was “Precipi-
tation of Driest Quarter”, this assumption seems rea-
sonable. Nevertheless, both SDM predicted vast areas 
of nowadays submerged land as suitable habitats for 
Hippocrepis comosa as a species adjusted to oceanic 
climate. The up to 110 m lower sea level (Ruddiman & 
Thomson, 2001) revealed ice-free land west of France 
and the UK of several hundred kilometres wide. Be-
yond climatic parameters, it is uncertain if this land 
masses provided the proper calcareous substrates 
for H. comosa and therefore could have served as ref-
ugia. Otherwise several studies including flora and 
fauna (Svenning et al., 2008; Ohlemüller et al., 2012; 
Boston et al., 2015) are supporting the existence of 
these north western potential refugia. It also remains 
open whether these two distinguished clusters of this 
work, the Italian-Balkan and the Iberian-Western Eu-
rope can withstand further investigation for example 
with molecular markers. 
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APPENDIX
TABLE 3.1 List of all climatic variables used to predict the climatic conditions in 
this study. The grid resolution was 2.5 min (http://worldclim.org).
 Description
BIO1  Annual Mean Temperature
BIO2  Mean Diurnal Range (Mean of monthly (max temp - min temp))
BIO3  Isothermality (BIO2/BIO7) (* 100)
BIO4  Temperature Seasonality (standard deviation *100)
BIO5  Max Temperature of Warmest Month
BIO6  Min Temperature of Coldest Month
BIO7  Temperature Annual Range (BIO5-BIO6)
BIO8  Mean Temperature of Wettest Quarter
BIO9  Mean Temperature of Driest Quarter
BIO10  Mean Temperature of Warmest Quarter
BIO11  Mean Temperature of Coldest Quarter
BIO12  Annual Precipitation
BIO13  Precipitation of Wettest Month
BIO14  Precipitation of Driest Month
BIO15  Precipitation Seasonality (Coefficient of Variation)
BIO16  Precipitation of Wettest Quarter
BIO17  Precipitation of Driest Quarter
BIO18  Precipitation of Warmest Quarter
BIO19  Precipitation of Coldest Quarter
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4.1 INTRODUCTION
Calcareous grasslands are among the most spe-
cies-rich ecosystems in Central Europe (Korneck et 
al., 1998; WallisDeVries et al., 2002; Sadlo et al., 2007) 
and are therefore listed as Natura 2000 Habitats (Di-
rective 92/43/EEC). In order to understand the high 
species’ diversity of this ecosystem and to guarantee 
its conservation numerous ecological studies have 
been performed (Cornish, 1954; Gibson & Brown, 
1991; Dutoit & Alard, 1995; Poschlod & Bonn, 1998; 
Poschlod et al., 1998; Kahmen et al., 2002; Poschlod 
& WallisDeVries, 2002; Römermann et al., 2009). Not-
withstanding these efforts, there is still a major gap 
about the origin of the associated species.
Calcareous grasslands are regarded as semi-natu-
ral landscapes (Karlik & Poschlod, 2009), created and 
maintained by human activities, more precisely by 
clearing and impeding the growth of forest, the po-
tential natural vegetation (Poschlod & WallisDeVries, 
2002; Kahmen & Poschlod, 2004; Schmidt et al., 
2007). Likewise, the decline of their extent and qual-
CHAPTER 4
Insights into the European postglacial colonization of 
the horseshoe vetch (Hippocrepis comosa)
ABSTRACT
Calcareous grasslands belong to the most diverse, endangered habitats in Europe 
but there is still insufficient information about the origins of their plant species. In 
order to gain insights into the postglacial colonization of these habitats we exem-
plarily chose the Horseshoe vetch (Hippocrepis comosa). Based on an extensive AFLP 
analysis including 38 populations covering the species’ total distribution in Europe, 
we describe the phylogeographic history of this plant species. We clearly demon-
strate that H. comosa followed a latitudinal and due to its oceanity a longitudinal 
gradient during the Last Glacial Maximum (LGM), restricting the species to southern 
refugia situated on the Peninsulas of Iberia, the Balkans and Italy during the last gla-
ciation. Furthermore, the analysis showed a distinct separation of these refugia into 
a western cluster embracing Iberia and an eastern group including the Balkans and 
Italy, which determined the postglacial recolonization of Central Europe. At the end 
of the LGM, H. comosa expanded from the Iberian refugium, to Central and Northern 
Europe, including the UK, Belgium and Germany. These findings remarkably match 
with migration routes of red deer (Cervus elaphus) to Central Europe. The existence 
of cryptic northern refugia cannot be ruled out but considering the missing genetic 
differentiation from other south-western populations is not directly supported that 
these refugia served as source populations after the LGM.
K E Y W O R D S
AFLP, genetic structure, grassland, phylogeography
  
27
Phy logeography of the horseshoe vetch
Europe in the interglacials and after the last glacial. 
Moreover, recent studies suggested several addition-
al refugia for temperate species beyond these penin-
sulas. These cryptic northern refugia are postulated 
for higher latitudes than the expected southern refu-
gia (Willis et al., 2000; Stewart & Lister, 2001; Willis & 
van Andel, 2004; Magri et al., 2006; Bhagwat & Willis, 
2008; Bylebyl et al., 2008; Tzedakis et al., 2013) and 
are defined as climatic islands with favourable condi-
tions (Stewart & Lister, 2001), surrounded by unsuit-
able conditions. In the case of calcareous grasslands 
this may have been rocky outcrops or steep sunny 
slopes with shallow dry soils (Ellenberg, 1988; Po-
schlod et al., 2009) in deeply incised valleys provid-
ing microclimates for temperate species, allowing to 
survive where they normally would have perished 
(Stewart & Lister, 2001; Flojgaard et al., 2009). As soon 
as climate became warmer in the post-glacial, recolo-
nization of the surrounding steppe-tundra vegetation 
may have started from there. In this context it must 
be mentioned that the following reforestation might 
have been held back before the Neolithic (see Bush, 
1988), either by man (fire) or by megaherbivores en-
larging the potential habitats of calcareous grass-
land species besides naturally treeless sites like cliffs 
(Svenning, 2002; Pokorný et al., 2015). Consequently, 
both wild animals and man with domesticated an-
imals may have contributed to species’ ranges and 
contributions. 
Stewart et al. (2010) postulated a longitudinal oce-
anic-continental gradient that is often ignored when 
speculating about recolonization of species along the 
latitudinal axis. The longitudinal gradient explains 
the expansion of steppe species and their inclusion 
in the Late Pleistocene steppe-tundra biome. Accord-
ingly, the occurrence of current post-glacial steppe 
species is limited to eastern continental interglaci-
al refugia which are determined by the longitudinal 
gradient. Occurrences in the West could therefore be 
interpreted as cryptic refugia (compare Kunes et al., 
2008; Schmitt & Varga, 2012). On the other hand there 
should be counterpart examples for oceanic species, 
since extension of arid climates during the late Pleis-
tocene would have been an impediment to some taxa 
likewise cold climates. The ranges of oceanic species 
would have expanded during the moister intergla-
cials and contracted to Western Europe during the 
glacial periods. Together with the latitudinal gradient 
both work in tandem in defining suitable habitats of a 
species (Stewart et al., 2010). 
In order to gain insight in the historic distribu-
tion and migration routes of a calcareous grassland 
species with a sub-mediterranean and oceanic re-
quirement, we exemplarily chose Hippocrepis co-
ity since the end of the 19th century (Quinger et al., 
1994) is ascribed to human behaviour, intensification 
or abandonment of traditional land use (Poschlod & 
WallisDeVries, 2002). There is a lack of archaeobotan-
ic evidence for karst regions sediments, where strati-
fied pollen are scarce (Bush, 1993; Dutoit et al., 2004; 
Poschlod & Baumann, 2010; Pokorný et al., 2015). Pal-
ynological and partly combined pedoanthracological 
studies reconstructed the history of calcareous grass-
lands, showing that man strongly shaped landscapes 
in Europe at least since the Mesolithic (c.f. Mesolithic: 
Bush (1993), Neolithic: Dutoit et al. (2009), Königs-
son (1968), Preece and Bridgland (1999), Bronze Age: 
Körber-Grohne and Wilmanns (1977), Ložek and Cílek 
(1995), Poschlod and Baumann (2010), Poschlod et al. 
(2008), Thorley (1981)). In Germany and in the Czech 
Republic, the extension maxima of grazed calcareous 
grasslands were dated to the Roman Period and Mid-
dle Ages (Pott, 1992; Knörzer, 1996; Poschlod & Bau-
mann, 2010; Hajkova et al., 2011). These assumptions 
are based on charcoal deposits of woody indicator 
species for open grasslands like Juniperus, Quercus 
and Pinus (Schwartz et al., 2005; Dutoit et al., 2009; 
Poschlod & Baumann, 2010), macrofossil findings of 
recent calcareous grassland species e.g. Lotus cornic-
ulatus, Sanguisorba minor or Linum catharticum at a 
Neolithic lake shore sites in the Alps (Körber-Grohne, 
1990) and the detection of pollen of Juniperus and He-
lianthemum in a peat in the Franconian Jura indicat-
ing species-rich grasslands in the Iron Age (Petrosino, 
2004). Helianthemum pollen was also found in much 
older sediment in Yorkshire (England) dated to the 
early post-glacial, mutually with Gentiana and other 
species, suggesting the occurrence of cold or tem-
perate grasslands (Bush, 1988). The latter study rais-
es the question whether calcareous grasslands have 
already existed in Central Europe during the LGM 
or if they spread from glacial refugia due to climate 
warming. They may have existed as elements of the 
pleistocenic steppe-tundra vegetation during the gla-
cial period, which is described for the periglacial zone 
in Central Europe (Pokorný, 2005; Kunes et al., 2008). 
Recent studies also described the occurrence of tem-
perate tree species probably till 45°N latitude (Willis 
et al., 2000; Willis & van Andel, 2004; Magri et al., 2006; 
Kunes et al., 2008; Horsak et al., 2010; Tzedakis et al., 
2013). In the traditional view, glacial refugia are known 
to be southern refugia for temperate species, plants, 
insects and vertebrates: The Iberian, Italian, Balkan 
peninsulas in southern Europe (Taberlet et al., 1998; 
Hewitt, 1999; Hewitt, 2000; Hewitt, 2004), where the 
influence of the glacial cycles was alleviated (Tzeda-
kis et al., 2002) and species could escape from cold 
dry climates and persist until they could repopulate 
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total 588 individuals from 38 populations (Figure 4.1, 
Table 4.1). Each sample encompassed multiple fresh 
and healthy leaves which were dried in silica gel.
mosa. According to Schmidt et al. (2007) the species 
occurs primary in natural habitats and secondary in 
semi-natural habitats. It also occurs in recent and an-
cient grasslands (Karlik & Poschlod, 2009) and seed 
exchange by grazing was shown possible (Müller-Sch-
neider, 1938). 
The native range of H. comosa covers middle and 
south European dry or semi-dry basi- and calciphil-
ous grasslands or rocky cliffs (Brometalia erecti) and 
spring heath pine woods (Ericio-Pinetum) or alpine 
calcareous grasslands (Seslerietalia albicantis). Since 
human activities have contributed to distribution 
patterns at least since the early Neolithic which has 
been shown for crops, weeds and animals (Willerding, 
1986; Poschlod & Bonn, 1998; Rosch, 1998; Beebee & 
Rowe, 2000; Fjellheim et al., 2006) it might be also true 
for grassland plants and for the horseshoe vetch. The 
occurrence of H. comosa was first time documented 
for the Roman age in the lower Rhine Valley (Knörzer, 
1996). Therefore, the question is whether or not the 
species came to Central Europe via Roman settlers. 
As Mediterranean species there is also the possibil-
ity of spreading from Iberian or Balkan Peninsula. 
Exemplarily Poschlod (2017) claims the migration of 
dry grassland species from the Eastern Mediterrane-
an region or south east Europe through the migration 
of the first farmers of the linear ware ceramic cul-
ture (LBK) to Central Europe or from Western Europe 
through the La Hoguette culture. It is not very likely 
that dry grassland species such as H. comosa was an 
element of the steppe-tundra flora during the glacial 
or late-glacial considering its longitudinal distribu-
tion as an oceanic element. Therefore, we assume 
either Western or Southern refugia but also consider-
ing glacial cryptic refugia in Central Europe. We also 
considered human activities that have contributed to 
distribution patterns, which was shown before for do-
mestic plants, animals (Rosch, 1998; Beebee & Rowe, 
2000) and weeds (Poschlod & Bonn, 1998).
In this paper we investigated H. comosa popula-
tions from Western Europe to Eastern Europe using 
AFLP markers to gain information about glacial refu-
gia and recolonization routes of a typical calcareous 
grassland species to Central Europe.
4.2 MATERIAL AND METHODS
SAMPLING OF PL ANT MATERIAL
The sampling of the plant material of Hippocrepis co-
mosa was done throughout the species range distri-
bution on the European continent and embraced in 
TABLE 4.1 Summary of the locations of all sampled populations. 
Pop ID = Population identifier, longitudinal and latitudinal coordi-
nates are given as decimal coordinates (WGS84). 
Pop ID Sample ID Latitude Longitude Country
1 97 -5.945 42.932 Spain
2 99 -4.414 43.398 Spain
3 103 -3.485 41.977 Spain
4 101 -3.404 42.796 Spain
5 105 0.613 42.096 Spain
6 38 -0.107 50.901 United Kingdom
7 107 -0.399 44.762 France
8 77 1.010 49.321 France
9 32 2.182 42.875 France
10 57 4.339 44.972 France
11 62 4.609 44.802 France
12 45 4.778 50.298 Belgium
13 65 7.427 47.409 Switzerland
14 71 8.882 45.961 Switzerland
15 46 7.385 45.636 Italy
16 48 7.750 45.423 Italy
17 64 8.749 44.511 Italy
18 58 9.527 44.256 Italy
19 59 10.763 43.745 Italy
20 60 10.791 45.556 Italy
21 61 10.836 46.237 Italy
22 54 12.274 43.117 Italy
23 63 12.337 43.795 Italy
24 49 13.021 42.956 Italy
25 56 13.238 42.745 Italy
26 35 9.191 51.479 Germany
27 55 10.143 50.226 Germany
28 39 10.251 47.288 Germany
29 31 10.252 47.375 Germany
30 52 10.415 49.524 Germany
31 108 11.686 48.951 Germany
32 70 11.720 51.216 Germany
33 113 13.119 48.651 Germany
34 40 13.882 45.100 Croatia
35 37 16.368 43.894 Croatia
36 36 13.999 45.724 Slovenia
37 83 18.945 47.467 Hungary
38 34 21.655 41.368 Rep. of Macedonia
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rameters: initial 2 min at 94 °C, 30 repeats of: 1. dena-
turation for 0.3 min at 94 °C, 2. annealing for 0.5 min at 
56 °C, 3. elongation for 2 min at 72 °C and extra 2 min 
at 72 °C after finishing the cycles. 30 min at 60 °C and 
a cool down to 4 °C completed the procedure. The re-
ceived products were diluted 20-fold with 1x TE buff-
er (20 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, pH 8.0). For 
the selective DNA amplification we chose three pairs 
of primer: D2 CTA-AAC (EcoRI-MseI), D3 CAC-AGG, D4 
CAC-ACA. 3 PCR one per primer pair were carried out 
with 0.75 µl of the pre-selective amplification prod-
uct, and in total 4.25 µl of H2O, 0.25 µM selective MseI 
(MWG Biotech) primer, 0.05 µM selective labelled 
EcoRi primer (Proligo, Paris, France), 10x Buffer S, 
0.2 mM dNTP and 0.25 U Taq-Polymerase (PeqLab, 
Erlangen, Germany). PCR was run with following pa-
rameters: initial 2 min at 94 °C, 10 repeats of: 1. dena-
turation for 0.3 min at 94 °C, 2. annealing for 0.5 min 
at 66 °C and 3. elongation at 72 °C for 2 min. After a 
repeat was finished the annealing temperature was 
lowered by 1 °C. 25 repeats of: 1. denaturation for 
0.3 min at 94 °C, 2. annealing for 0.5 min at 56 °C and 
3. elongation for 2 min at 72 °C. The PCR ended with 
30 min at 60 °C and a cool down to 4 °C. The products 
were diluted differently with 1x TE buffer (D2 1:2, D3 
1:1, D4 1:3). 5 µl of each primer pair were pooled and 
mixed with 5 µl stop buffer (2 µl sodium acetate (3 M, 
pH 5.2), 2 µl Na2EDTA (100 mM, pH 8) and 1 µl glycogen 
(20 mgml-1 Roche, Manheim, Germany)). DNA was 
precipitated and aggregated by adding 60 µl of 96 % 
EtOH (4 °C) and 20 min of centrifugation at 14k rpm. 
The DNA pellet was washed with 200 µl of 76 % eth-
DNA EXTR ACTION AND AFLP FINGERPRIN-
TING
DNA extraction followed CTAP protocol from Rogers 
and Bendich (1994) adapted by Reisch (2007) using 
15 mg of the dried leaf samples. DNA contents were 
photometrically determined and adjusted to 7.8 
ng DNA per µl H2O. We chose the dominant marker 
analysis of amplified fragment length polymorphism 
(AFLP, Zabeau & Vos, 1993; Vos et al., 1995) to produce 
loci over the whole genome (standardized AFLP-pro-
tocol from Beckmann Coulter (Brea, USA)). DNA 
adapters from single strand DNA adapters EcoRI and 
MseI (MWG Biotech, Ebersberg, Germany) were com-
bined by heating equal volumes to 95 °C for 5 min, 
following a 10 min cooling period at 20 °C. For a one 
step DNA restriction and adaptor ligation 6.4 µl ad-
justed DNA solution were intermingled with 3.6 µl of 
a restriction ligation mixture containing 2.5 U EcoRI 
(MBI Fermentas, St. Leon-Rot, Germany), 2.5 U MseI 
(MWG Biotech), 0.1 µM EcoRI and 1 µM MseI adapter 
pair, 0.5 U T4 Ligase with corresponding buffer (MBI 
Fermentas), 0.05 M NaCl and 0.5 µg BSA (New England 
BioLabs, Ipswich,USA). After incubation at 37 °C for 
2 hours and a final enzyme termination step at 70 °C 
for 15 min the received products were diluted 10-
fold with 1x TE buffer (20 mM Tris-HCl, pH 8.0, 0.1 mM 
EDTA, pH 8.0). 1 µl of the restriction-ligation product 
was used for pre-selective amplification. The reac-
tion solution (4 µl) contained: pre-selective 0.25 U 
EcoRI and MseI primers (MWG Biotech), H2O, 1x Buffer 
S, 0.2 mM dNTPs and 0.25 U Taq-Polymerase (PeqLab, 
Erlangen, Germany). PCR was run with following pa-
FIGURE 4.1 Distribution map of 
Hippocrepis comosa with all sam-
pled populations.
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AMOVA
An analysis of molecular variance (AMOVA, Excoffier 
et al., 1992) should give information about the ge-
netic variance within and between populations. The 
two-level AMOVA was performed within the program 
GENALEX v6.5 (Peakall & Smouse, 2012) and included 
588 individuals of all 38 populations. Based on Euclid-
ean pairwise genetic distances the sums of squares 
were calculated (SSWP) and divided by the degrees 
of freedom (SSWP/n-1). The resulting AMOVA-SS di-
versity values were also plotted onto the geograph-
ic coordinates of the sample locations. Permutation 
tests (9999 iterations) were conducted to show signif-
icance.
STRUCTURE
The genetic structure and group assignment of the 
populations was investigated with Bayesian clustering 
in STRUCTURE v 2.3 (Pritchard et al., 2000; Pritchard 
et al., 2009). The program performs a Markov chain 
Monte Carlo (MCMC) algorithm to assign the tested in-
dividuals into k groups based only on its genetic data, 
and not on population affiliation. The program was 
run with following parameters: no admixture ances-
try model, correlated allele frequency model, k from 
2 to 40, a burn-in period of 10,000 followed by 10,000 
iterations, 10 replicate runs. The most likely number 
of groups in the data set was determined via the cal-
culation of Δk following the method of Evanno et al. 
(2005). The results were plotted onto the geographic 
coordinates of the sample locations.
SPATIAL PCA (SPCA)
To identify spatial genetic patterns within the data set 
a multivariate approach was conducted using spatial 
Principal Component Analysis (sPCA). sPCA was car-
ried out in R (Development Core Team, 2014) using 
package adegenet (Jombart et al., 2008). For this anal-
ysis, all 588 individuals of 38 populations were used. 
The populations’ geographic coordinates (WGS 1984) 
were projected to ETRS 1989 LCC. To avoid same co-
ordinates of individuals in the same population the 
coordinates were shifted randomly by a factor of 0.5. 
Unlike the analysis with STRUCTURE, the data for a 
sPCA does not have to meet Hardy-Weinberg expec-
tations or linkage equilibrium. For the method, two 
matrices are necessary. The first one contains the rel-
ative allele frequencies of all individuals and the sec-
ond embraces all spatial proximity information from 
the projected coordinates. The spatial proximity in-
formation matrix was gained from a connection net-
work using Delaunay triangulation. Also, the second 
matrix was used to calculate a spatial autocorrelation 
anol (4 °C), centrifuged (20 min, 14k rpm) and vacu-
um-dried in a concentrator (Eppendorf concentrator 
5301; Eppendorf, Hamburg, Germany). Prior to the 
sequencer run (CEQ 8000 (Beckmann Coulter, USA)), 
the DNA was resolved for 30 min in a mixture of 24.8 µl 
Sample Loading Solution (Beckmann Coulter, USA) 
and 0.2 µl CEQ Size Standard 400 (Beckmann Coulter, 
USA). Data were exported as curve-files and manual-
ly analysed for the occurrence of strong, well defined 
fragments in Bionumerics 6.6 (Applied Maths, Kortri-
jk, Belgium). The presence or absence of fragments 
was transformed into a binary (1-0) matrix, which 
served as basis for all further analysis. Individuals 
showing no clear banding signals were repeated or 
ultimately excluded.
GENETIC VARIATION
Based on the allele frequencies from the 0/1 matrix 
Nei’s Gene Diversity (Nei, 1972), Shannon’s Infor-
mation Index (Shannon 1948), the number and per-
centage of polymorphic loci were calculated for each 
population using POPGENE v. 1.31 (Yeh et al., 1999). 
In order to make the results Nei’s gene diversity more 
comparable an additional calculation was conducted 
at which the number of tested individuals was set to 
12 for each population (lowest available amount). The 
12 samples were chosen randomly with 50,000 itera-
tions and a mean value was calculated. The results 
were plotted onto the geographic coordinates of the 
sample locations. A base map provided by “Natural 
Earth” served as background for this and all following 
maps.
R ARIT Y VALUES (DW)
As an additional measure of divergence, the rarity of 
markers was calculated by frequency-down-weighted 
marker values (DW) (Schönswetter & Tribsch, 2005). 
The calculation of the DW values was performed via 
the r-script AFLPdat (Ehrich, 2006). To grant equal 
sample sizes, for each population 12 individuals were 
randomly selected with 10 iterations and a mean 
value of DW was calculated. The results were plot-
ted onto the geographic coordinates of the sample 
locations. The value of DW is expected to be high in 
long-term isolated populations where rare markers 
should accumulate due to mutations, whereas newly 
established populations are expected to exhibit low 
values, thus helping in distinguishing old vicariance 
from recent dispersal (Schönswetter & Tribsch, 2005). 
We calculated a Pearson correlation coefficient for 
Nei´ s Gene Diversity and DW value. 
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29 in Germany. Mean percentage of polymorphic loci 
(PPL) was 56.7 %, ranging between 46.3 and 64.7. 
Mean Shannon´ s information index (SI) was 0.28, 
ranging between 0.21 and 0.32. Mean Nei’s gene di-
versity yielded for all individuals was 0.18, ranging 
from 0.14 to 0.21. Mean Nei’s gene diversity for 12 in-
dividuals was 0.18, ranging from 0.13 to 0.21. Higher 
values for genetic variation (He ≥ 0.19) were record-
ed only in southern populations, like the Iberian 
(He = 0.20 and 0.21), the Italian (He =0.19), the Balkan 
Peninsula (He = 0.20), south of the Alps (population 
no. 14, He = 0.20), except from one population in the 
northern Alps (population no. 29, He = 0.21) and north 
of the Alps in Germany (population no. 31). Lower val-
ues (He ≤ 0.16) only occurred in northern populations 
and on the Italian peninsula, but not in the two other 
peninsulas (Figure 4.2).
R ARIT Y VALUES (DW)
The survey of the rarity of markers revealed DW-val-
ues ranging from 4.83 in an Italian population (no. 10) 
to 10.50 in a Spanish population (no. 2), with an av-
erage of 7.66 (SE = 0.20) (see Table 4.2). The highest 
values were recorded either in populations of the Ibe-
rian Peninsula (values between 8.35 and 10.50), the 
Balkan Peninsula (values between 8.89 and 9.89) or 
in some northern populations, in central Germany 
(DW = 10.30), Bavarian Alps (DW = 8.84 and 8.36) and 
the United Kingdom (DW = 8.05). Low values occurred 
in northern populations and on the Italian, but not 
on the Iberian and Balkan peninsulas (Figure 4.2). 
There were highly significant positive correlations be-
using Moran’s I (Moran, 1948). Moran’s I ranges from 
+1 to -1, indicating a strong positive or negative spa-
tial autocorrelation, respectively. In case of a positive 
spatial autocorrelation a global structure in the data 
can be assumed. A Moran’s I of zero indicates a totally 
random pattern. For a visual verification of the occur-
rence of spatial structures, a screeplot was drawn by 
plotting the variance of the sPCA against spatial auto-
correlation (Moran’s I). Supplementary, to statistical-
ly strengthen the previous visual findings two Monte 
Carlo tests with 9,999 permutations each were con-
ducted in order to detect global or local structures in 
the data set. As display, the genetic differentiation of 
the principal components were plotted onto the geo-
graphic coordinates. 
4.3 RESULTS
Within the AFLP analysis of 588 individuals with three 
primer combinations, 271 unambiguous fragments 
were selected ranging between 60 and 420 bp and of 
which 98.16 % were polymorphic (D2 CTA-AAC: 111 
fragments, D3 CAC-AGG: 87 fragments, D4 CAC-ACA: 
73 fragments).
GENETIC VARIATION
The within population genetic variation was calculat-
ed as four different measures (Table 4.2). All genetic 
variation values were consistently lowest in popula-
tion no. 11 in France and highest in population no. 
FIGURE 4.2 Map of Nei’s gene 
diversity (left semicircle) and fre-
quency-down-weighted marker 
values (DW, right semicircle) for 
each surveyed population. The 
different sizes of the circles indi-
cate different absolute values. Ice 
shields are shown in white with a 
dark outline. National boundaries 
represent todays European land 
area.
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TABLE 4.2 Genetic variation within populations of Hippocrepis comosa. Pop ID = Population identifier, 
CRY = Country of origin, N = Sample size, PL = Number of polymorphic loci, PPL = Percentage of polymorphic 
loci, He = Nei’s gene diversity (with standard error), He12 = Nei’s gene diversity for 12 randomly chosen indi-
viduals (with standard error), SI = Shannon-Index (with standard error), rarity value (DW12), AMOVA-SS (SS-
WP/n-1). Total number of sampled individuals: 588, total number of loci: 271.
Pop ID CRY N PL PPL He He12 SI DW12 SSWP/n-1
1 ES 14 171 62.9 0.21 0.208 0.32 8.965 29.95
2 ES 16 165 60.7 0.20 0.189 0.30 10.453 28.28
3 ES 15 171 62.9 0.21 0.201 0.31 8.531 30.94
4 ES 16 159 58.5 0.19 0.183 0.29 9.131 27.27
5 ES 15 159 58.5 0.18 0.176 0.27 8.842 27.40
6 UK 15 152 55.9 0.19 0.182 0.28 8.055 25.79
7 FR 15 139 51.1 0.16 0.153 0.24 7.906 22.50
8 FR 16 150 55.2 0.18 0.176 0.28 6.981 26.68
9 FR 16 153 56.3 0.18 0.173 0.27 7.944 26.35
10 FR 16 134 49.3 0.14 0.137 0.22 4.831 20.96
11 FR 16 126 46.3 0.14 0.132 0.21 4.907 20.21
12 BE 15 133 48.9 0.16 0.154 0.24 6.727 22.56
13 CH 16 152 55.9 0.18 0.171 0.27 7.484 26.81
14 CH 15 164 60.3 0.21 0.200 0.31 7.337 28.66
15 IT 16 155 57.0 0.19 0.181 0.28 7.782 27.13
16 IT 16 160 58.8 0.19 0.186 0.29 7.297 27.28
17 IT 16 174 64.0 0.20 0.195 0.31 7.760 30.28
18 IT 16 144 52.9 0.17 0.164 0.26 7.046 23.66
19 IT 16 134 49.3 0.16 0.153 0.24 6.153 22.82
20 IT 16 138 50.7 0.17 0.164 0.25 6.853 24.88
21 IT 16 159 58.5 0.19 0.185 0.29 6.829 27.07
22 IT 16 140 51.5 0.17 0.163 0.25 6.590 22.90
23 IT 16 163 59.9 0.20 0.194 0.30 7.379 28.75
24 IT 16 148 54.4 0.18 0.171 0.26 7.566 27.50
25 IT 16 159 58.5 0.17 0.163 0.26 6.762 26.05
26 DE 16 143 52.6 0.18 0.171 0.27 8.361 26.11
27 DE 16 156 57.4 0.18 0.174 0.27 7.096 27.99
28 DE 15 162 59.6 0.20 0.189 0.29 8.835 28.42
29 DE 16 176 64.7 0.21 0.206 0.32 10.339 31.96
30 DE 16 146 53.7 0.17 0.167 0.26 6.743 25.19
31 DE 16 174 64.0 0.20 0.197 0.31 7.775 30.55
32 DE 16 159 58.5 0.17 0.163 0.26 6.665 26.10
33 DE 12 147 54.0 0.18 0.181 0.27 7.578 27.79
34 HR 15 159 58.5 0.18 0.174 0.27 7.663 26.16
35 HR 14 164 60.3 0.20 0.198 0.31 9.890 27.62
36 SL 15 165 60.7 0.19 0.182 0.29 7.880 27.90
37 HU 13 153 56.3 0.19 0.183 0.28 7.180 27.67
38 MK 16 154 56.6 0.18 0.175 0.27 8.888 25.96
mean 15.5 154 56.7 0.18
 ± 0.01
0.177 
± 0.01
0.28 
± 0.02
7.658 
± 0.200
26.63 
± 0.43
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among the populations with a molecular variance of 
32 % (Figure 4.3). The results were highly significant 
(p < 0.001). All AMOVA-SS values are given in Table 4.2.
STRUCTURE
The result of the Bayesian clustering conducted with 
STRUCTURE supports a clear assignment of the indi-
viduals into two groups (k = 2, appendix Figure 4.6). 
Besides this most likely number of clusters a very 
small probability for 13 groups was found. Likewise, 
tween DW and all genetic variation measures (r = 0.73, 
p < 0.0001, t = 6.3977), meaning that a high number of 
rare markers (high DW) was associated with high ge-
netic variation.
AMOVA
The analysis of molecular variance (AMOVA) involv-
ing all populations without classification of regions 
revealed a total molecular variance within the pop-
ulations of 68 %. This leaves a strong differentiation 
FIGURE 4.3 Map of AMOVA-SS 
values for each surveyed popu-
lation. The different sizes of the 
circles indicate different absolute 
values of molecular variance.
FIGURE 4.4 Results from 
STRUCTURE analysis plotted onto 
geographic coordinates of the sur-
veyed populations of Hippocrepis 
comosa. As STRUCTURE proposed 
a two-group solution, each popu-
lation was assigned according its 
associated group.
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the results of the sPCA the assignment of the popula-
tions into two groups revealed a similar pattern. One 
group involving populations of western and central 
Europe (Spain, France, United Kingdom, Belgium, 
Switzerland, Germany) and a south eastern Europe-
an group (Italy, Slovenia, Croatia, Macedonia). Only at 
the boundary points of the two groups in Spain (no. 3 
and 5), Germany (no. 28, 29 and 33) and Hungary (no. 
37) the 100 % assignment into one of the groups was 
diluted, resulting in some admixed populations (Fig-
ure 4.4). 
SPATIAL PCA (sPCA)
All 588 individuals were included in the spatial anal-
ysis. The spatial PCA based on Delaunay triangula-
tion as connection network. The eigenvalues of the 
sPCA in dependence of its Moran’s I and variance are 
shown in a screeplot (appendix Figure 4.7). The ei-
genvalue of the first global score λ1 could clearly be 
distinguished from all other eigenvalues due to its 
higher levels of variance and spatial autocorrelation. 
This indicates the existence of spatial structures in 
the data, which was subsequently tested with global 
and local Monte Carlo tests (9,999 iterations). As the 
global test showed a significant (p < 0.0001) result and 
with the screeplot in mind a global spatial structure 
was assumed for the data set. The local Monte Carlo 
test was not significant.
Figure 4.5 shows the eigenvalues of the first glob-
al score plotted against geographical coordinates. 
Black squares indicate positive and white squares 
negative values of the scores. The size of the squares 
represents different absolute values. Therefore, large 
sized squares from both colours are highly differenti-
ated, while small sized squares indicate only small dif-
ferentiation. Regarding Figure 4.5 a clear distinction 
between two clusters can be drawn. One involving 
populations of Western and Central Europe (Spain, 
France, United Kingdom, Belgium, Switzerland, Ger-
many) and the other one including populations from 
south Eastern Europe (Italy, Hungary, Slovenia, Cro-
atia, Macedonia). A Monte-Carlo Mantel test (10,000 
iterations) for a correlation between geographic and 
genetic distances was highly significant (p < 0.0001).
FIGURE 4.5 Graphical display 
of the spatial distribution of all 
surveyed populations with the 
values of the first positive (global) 
sPCA score. The different sizes of 
the squares indicate different ab-
solute values. Large black squares 
are well differentiated from large 
white ones, while small squares 
show less differentiation. On the 
map, the genotypes differentiate 
in 2 distinct clusters, one in the 
in the northwest and one in the 
southeast. The used connection 
network based on Delaunay trian-
gulation is shown with grey lines. 
On the top right position of the 
map, the first 25 sPCA positive 
scores are shown.
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4.4 DISCUSSION
AFLP analysis is a powerful tool in revealing phyloge-
ographic patterns and histories, as we show here on 
an example of the semi-dry grassland species Hippo-
crepis comosa. Based on 271 fragments, we assume 
that Hippocrepis comosa followed a contraction-ex-
pansion model, whereby the species was restricted to 
traditional southern refugia during the LGM following 
a latitudinal temperature and a longitudinal humidity 
gradient and expanded into the rest of Europe after-
wards. Our results indicate additional cryptic refugia 
at the western shores of France and UK.
E ASTERN AND WESTERN LINE AGES AND 
POSTGL ACIAL MIGR ATION
Both spatial analyses (STRUCUTRE and sPCA) identi-
fied two almost completely distinct lineages of Hip-
pocrepis comosa: One group involving populations 
of the Iberian peninsula and western Europe (Spain, 
France, United Kingdom, Belgium, Switzerland, Ger-
many) and the other including populations from the 
Italian and the Balkan peninsulas (Italy, Croatia, The 
Former Yugoslav Republic of Macedonia, Slovenia). 
Only a few admixed populations were detected, lo-
cated in Hungary, Germany and Spain. According to 
these spatial results two traditional southern refugia 
(Taberlet et al., 1998; Hewitt, 1999; Hewitt, 2000; He-
witt, 2004) could be confirmed: Iberia as a south west-
ern refugia and Italy and the Balkans as south eastern 
refugia, enclosing the admixed populations in Spain, 
South Germany and Hungary as contact zones. Con-
tact zones have been reported to cluster in the Alps, 
central Europe, northern Balkans and the Pyrenees 
(Taberlet et al., 1998; Hewitt, 2000), resulting in an 
accumulation of genotypes from both groups. There-
fore, we assume that Hippocrepis comosa repopulat-
ed Central Europe from Iberia (Pyrenees) to France, 
Britain, Belgium, Switzerland, and Germany until its 
eastern border, where the populations admixed with 
populations that were migrating from Italy and the 
Balkans up north. It has been shown before that in 
contrast to Iberian lineages, Italian genomes rarely 
populated northern Europe, as the ice-capped Alps 
prevented their northward expansion (Taberlet et al., 
1998; Hewitt, 2000). This barrier is regarded as expla-
nation of the relatively low species’ and genetic diver-
sity of northern populations compared to southern 
populations (Hewitt, 2000). Considering the values 
for Nei’s gene diversity and the rarity index (DW)-val-
ues, H. comosa populations of the Balkan Peninsula 
may have served as refugium from where the Italian 
populations were founded subsequently. 
SOUTHERN AND CRYPTIC NORTHERN RE-
FUGIA 
The most important refugial areas are geographic 
regions where species persisted throughout sever-
al full glacial/interglacial cycles (each 100-120 kyr in 
duration). These so-called ‘true refugia’ (Stewart & 
Dalen, 2008) are expected to possess higher genetic 
variability compared with surrounding recolonized 
regions (Comes & Kadereit, 1998; Taberlet et al., 1998; 
Tzedakis et al., 2013). In contrast, recent dispersal 
might lead to genetic depauperation due to founder 
effects. Supporting this theory, the highest values for 
genetic variation of Hippocrepis comosa were record-
ed almost entirely in southern populations, like the 
Iberian, the Italian, the Balkan Peninsula and south 
of the Alps. Other above-average genetically diverse 
populations were located in the Alps and in Germany. 
The former can be ascribed to the above-mentioned 
hybridization of the western and the south-eastern 
lineage (Petit et al., 2003; Provan & Bennett, 2008; 
Tzedakis et al., 2013). We found different explanations 
for the high genetic variation of the latter. Firstly, it 
may be the result of recent genetic exchange due to 
grazing management, which is more prevalent in the 
area of the Jurassic mountains in Germany than in 
the northern German populations. Paun et al. (2008) 
criticized the use of genetic variation for identifi-
cation of refugia as they may in fact reflect current 
processes (genetic exchange and population sizes) 
instead of historical processes. Secondly, the high 
genetic variations may also have resulted from a pha-
lanx way of recolonization from south to north or can 
be interpreted as a legacy from Younger Dryas cold 
reversal (Hewitt, 1999; Hewitt, 2000; Hewitt, 2004). 
A reduction of northern populations during this cold 
period could have led to high diversity populations 
due to the mixture with recolonizing linages during 
the Holocene (Tzedakis et al., 2013). In order to cir-
cumvent these confusions, a second parameter, the 
rarity index (DW) was used, as it is a better indicator 
of historical processes (Paun et al., 2008). The value of 
DW is expected to be high in long-term isolated pop-
ulations where rare fragments could accumulate due 
to mutations, whereas young populations are expect-
ed to show low values, thus helping in distinguishing 
old vicariance from recent dispersal. Refugial popula-
tions and recolonized regions would on the one hand 
contain identical fragments but due to drift rare frag-
ments would accumulate and distinguish them from 
other refugial areas and surrounding younger popu-
lations that would be less divergent (Schönswetter 
& Tribsch, 2005; Provan & Bennett, 2008; Tzedakis et 
al., 2013). According to this, we identified addition-
al northern populations of Hippocrepis comosa that 
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Europe we assume that it has fully expanded to its 
potential range. The northern distribution limitation 
as it is today was investigated on a regional scale by 
Hennenberg & Bruelheide (2003), showing a reduced 
fitness (reduced seed setting), which correlated with 
effective air temperature measured at a height of 
10 cm above ground. The area of climatically suitable 
habitats was also shown in a present time species 
distribution model for this species (see Chapter 3). In 
addition, soil composition impedes an expansion fur-
ther north and east than its present status (see GliM 
2015). Therefore we depicted that the current occur-
rence of H. comosa is mainly limited due to climate 
and soil factors and that the distribution pattern is 
not limited by reduced accessibility. 
The declining temperature at the beginning of 
the last ice age was with no doubt the main driving 
factor influencing migration of plants following a lat-
itude gradient to their southern refugia (Taberlet et 
al., 1998). Nevertheless, likewise Stewart et al. (2010), 
we emphasize that not only this latitudinal gradient 
should be taken into consideration. The longitudinal 
gradient representing an increasing continental cli-
mate from west to east might have had an impact on 
the migration to suitable habitats especially for spe-
cies classified as oceanic like H. comosa. Due to de-
clining precipitations in combination with a lower sea 
level, which comprised great land masses between 
England and Europe, the oceanity of Central Europe 
decreased. Regarding the migration of plants at that 
time it is our opinion that oceanic plants were not 
only forced to move southwards but also westwards 
to maintain their climatic niche. Furthermore, the 
Alps have acted as natural barrier hindering exchange 
and migration of plants towards Italy. The north and 
Central European populations of H. comosa therefore 
might have followed a combination of both vectors 
to the south and the west pointing towards a poten-
tial refugium in Spain, which can be an explanation 
for our cluster including Spain, France, Belgium, UK, 
Switzerland and Germany. After the LGM H. comosa 
migrated to Central Europe, but no further east be-
cause of the climatic limitations and edaphic barriers. 
Nevertheless, according to Chapter 3 describing cli-
matic niches during the LGM, there is also a possibil-
ity of cryptic northern refugia located in the UK and 
France, which could have served as additional places 
of origin for a recolonization. 
For a successful recolonization following the LGM 
Hippocrepis comosa could rely on at least two mech-
anisms of seed dispersal. Endozoochory via herbi-
vores (Müller-Schneider, 1938; Fischer et al., 1996; 
von Oheimb et al., 2005) and epizoochory, implying a 
transportation with soil material in the hooves, which 
are located far from the traditional southern refugia 
which possessed high DW-values, supposing cryptic 
refugia in UK, Alps and Central Germany. Though it 
must not be ignored that the rarity index might be 
overestimated, as related southern populations with 
these alleles may not have been investigated or dis-
tinct gene patches might result by gene surfing on 
the leading edge (Tzedakis et al., 2013). Nevertheless, 
we found a significant correlation of the rarity index 
(DW) and Nei’s gene diversity (He), which means that 
in our study rare fragments accumulation and high 
genetic diversity came along with each other, point-
ing towards ‘true refugia’. The German population 
with a very high rarity index and relatively low genetic 
variation may indicate an isolated refugia during the 
LGM, similar to alpine populations of Ranunculus gla-
cialis (Paun et al., 2008). These results also coincide 
with Dengler et al. (2014), who proposed a continuous 
existence of palearctic grassland at least since the 
Pleistocene (2,400 ka). During glaciations, grasslands 
covered most of the continent as steppe-tundra over 
permafrost and as xerothermic grassland further in 
the south. During the interglacials (Lang, 1994; Pär-
tel et al., 2005) grasslands were mostly replaced by 
forests, apart from small scale areas on soils that im-
pede tree growth (drought, shallow ground, instabil-
ity; Karlik & Poschlod, 2009; Ellenberg & Leuschner, 
2010; Janišová et al., 2011) and reoccurring events 
like fire, wind throw (Hejcman et al., 2013), grazing by 
wild herbivores (Vera, 2000) or human activity since 
the Mesolithic (Simmons & Innes, 1981; Bush, 1988). 
As Hippocrepis comosa was described frost tolerant 
by Hennenberg & Bruelheide (2003) and it is growing 
up to 2000 m a.s.l. in the Alps, it seems reasonable to 
assume that the species might have occurred in Cen-
tral Europe during the LGM on outcrops under favour-
able conditions.
L ATITUDINAL AND LONGITUDINAL CONS-
TR AINTS OF ITS DISTRIBUTION
On a global scale, it applies for past, present and 
future, that wild species ranges are primarily deter-
mined by climate (Willis & Whittaker, 2002; Pearson & 
Dawson, 2003; Normand et al., 2011). Besides, there 
are additional parameters influencing the accessi-
bility of species like life form, dispersal ability and 
LGM refugia location (glacial contraction), generation 
time, habitat adaptation, competition with estab-
lished vegetation, soil development, geographical 
barriers and human habitat fragmentation (Normand 
et al., 2011), which may have resulted in a current 
disequilibrium (postglacial colonization) of species 
ranges within the actual climate (migrational lag). 
Regarding the distribution of Hippocrepis comosa in 
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was reported for sheep and cattle (Fischer et al. 1996; 
Bonn and Poschlod 1998) but can most probably be 
transferred to other hoofed animals like red or roe 
deer. Therefore, we would designate H. comosa as a 
species with a high long-distance dispersal potential, 
especially because of the fact, that hoofed animals 
can bridge distances of several kilometres per day 
(Pépin et al., 2004). This becomes obvious when con-
sidering the work of Skog et al. (2009) and Meiri et al. 
(2013), presenting the recolonization and phylogeog-
raphy of European red deer (Cervus elaphus). Based 
on modern and ancient DNA this study strikingly 
resembles our findings for H. comosa, showing a re-
striction of Cervus elaphus to southern refugia during 
the LGM and a recolonization of Western and North-
ern Europe originating from Iberia. This very similar 
phylogeographic pattern may lead to the assumption 
that H. comosa expanded to Central Europe via C. ela-
phus or other equivalent herbivores (wild horse, roe 
deer, see Pakeman, 2001).
Whether and to what extent human activities may 
have contributed to the expansion of H. comosa since 
the late stages of the Upper Palaeolithic cannot be 
answered. But grasslands may have continuously ex-
isted since the LGM (Bush & Flenley, 1987; Bush, 1988; 
Pokorný et al., 2015), also because of human practic-
es (Poschlod, 2017). Towards the end of the last glacial 
period two main cultures can be distinguished in Eu-
rope. The Magdalenian culture (16,000 – 10,000 y.a.), 
which also expanded from the Franco-Cantabrian 
region up to Belgium, Switzerland, Germany and Aus-
tria (Riede, 2014) and the Epigravettian culture ap-
pearing during the same period in Italy, Balkan and 
Eastern Europe. The same separation appears for the 
Early Neolithic (8,000 – 7,000 y.a.) when the Tardenoi-
sian culture covered Western Europe while the Print-
ed Cardium Pottery culture was located in Italy and 
Balkan. While these cultures hunter-gatherers pursed 
the migration of herbivores, the La Hoguette culture 
(~ 7,500 y.a.) showed first steps towards nomadic 
goat and sheep breeding (Gronenborn, 2003) and 
therefore could have directly influenced the disper-
sal of H. comosa via epizoochory (Müller-Schneider, 
1938) from southern France to Germany. These as-
sumptions demonstrate that a more interdisciplinary 
approach to this subject is necessary in order to fully 
understand the recolonization of Central Europe by 
plants, animals or humans. A strengthened cooper-
ation of phylogenetics and archaeology could deliver 
intriguing new insights in the genesis of our environ-
ment.
CONCLUSIONS
Based on the present phylogeographic AFLP study 
on the current distribution of Hippocrepis comosa we 
could demonstrate that a comprehensive climatic ap-
proach including a second driving factor can lead to a 
better understanding of historical and present devel-
opments. The traditional latitudinal temperature gra-
dient as major parameter was extended by a longitu-
dinal humidity gradient which both work in tandem 
defining the suitable habitats during the LGM. Of the 
two detected clearly distinguished phylogeographic 
clusters, one in Western Europe ranging from Spain 
to Germany and the other embracing parts of south 
Eastern Europe, only the western refugia contributed 
to the recolonization of Central Europe. As the climate 
became drier in Central Europe during the LGM, H. 
comosa evaded to moister climates, which prevailed 
in Western Europe. The results of our survey further-
more allows the existence of northern locations in 
France and the UK that could have served as cryptic 
refugia. For the postglacial recolonization, H. comosa 
could have benefited from habitats shapes by man 
and zoochory, which provided a long ranged disper-
sal to Central Europe. Thus integrated approaches 
incorporating multidisciplinary knowledge might be 
the best way to approximate and illuminate historical 
and present processes.
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APPENDIX
FIGURE 4.6 Analysis of the STRUCTURE runs. Relationship be-
tween the number of proposed groups k, Δk and Ln(k), respectively. 
The most likely number of groups with highest Δk = 684.8 was found 
with k = 2.
FIGURE 4.7 Screeplot of the total data set. The eigenvalues of the 
sPCA are arranged by its variance (x-axis) and Moran’s I (spatial auto-
correlation, y-axis). As the y-axis represents Moran’s I, positive scores 
indicate global structures. Moran’s I shows a high spatial autocorre-
lation (> 0.8). Due to its largest positive eigenvalues λ1, the first glob-
al score can be clearly distinguished from all other values and there-
fore was chosen for further interpretation. The maximum attainable 
variance from an ordinary PCA is shown as the dashed vertical line 
on the right side of the graph. The range of variation of Moran’s I is 
limited by the horizontal dashed lines.
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CHAPTER 5
Short communications of a seed bank for threatened 
plant species on the example of the Genbank Bayern 
Arche
ing away from the aimed target 5. Consequently, the 
status of threatened species has not improved and 
there is no sign overall of reduced risk of extinction 
across all groups of species (target 12, no progress in 
preventing extinction of known threatened species, 
moving away of improving the conservation status 
of threatened species). Moving from a global to a 
continental scale does not change the outlook. The 
decline of biodiversity due to persistent increases in 
pressures on the landscape within the European Un-
ion is not questionable (European Environment Agen-
cy, 2015) and also on a national level, in Germany, the 
loss of habitats along with an increasing numbers of 
greatly endangered plant species is significant (BfN, 
2015). 
This clearly shows that greater efforts are need-
ed to accomplish the GSPC or Aichi targets. Target 8 
of the GSPC stipulates that 75 % of threatened plant 
species should be held in ex situ collections, prefera-
bly in the country of origin, and at least 20 % must be 
available for recovery and restoration programmes. 
Considering the circumstances in botanical gardens 
that are often limited in space and therefore, may 
maintain only reduced genetic diversity or suffer 
from hybridisation of living cultures, seed banks play 
a prominent role for achieving target 8. They are able 
to store a great number and diversity of seed for a 
long time (Wyse Jackson & Kennedy 2009, Conven-
tion on Biological Diversity 2012, BGCI 2016).
On a regional level, one step on the way towards 
the updated target 8 of the GSPC was taken in 2009, 
when the Free State of Bavaria (total area 70,550 km², 
number of native species 2,727, 52.5 % listed on the 
Bavarian Red List) initiated a seed bank especially for 
rare and threatened wild plant species at the Univer-
sity of Regensburg. 
Within the first 5 years the seed bank “Genbank 
Bayern Arche” (GBA) has collected about 30 % of 
5.1 INTRODUCTION
The Convention on Biological Diversity (CBD) being 
adopted in Rio de Janeiro in 1992 was to this date the 
first global attempt to stop the steadily decreasing 
levels of biodiversity. The treaty regulates bindingly 
in international law the conservation of biological 
diversity as one of three equal targets and was rat-
ified by 195 states and the European Union in 1993. 
Due to a discrepancy in nature conservation mainly 
focusing on animal protection, the 1999 Gran Canaria 
Declaration called for a global program for plant con-
servation. This Declaration has built the foundation 
for the Global Strategy for Plant Conservation (GSPC, 
Decision VI/9) which was ratified in 2002 on COP6 
in Den Haag. Five objectives with 16 targets in total 
should slow or even halt the decline of phytodiversity 
by the end of 2010. Among these objectives, targets 
8 and 9 emphasize the need for broader ex situ con-
servation management strategies and addresses all 
states parties to establish collections for threatened 
plant species. 
Although the 2010 biodiversity targets were not 
achieved (Secretariat of the Convention on Biological 
Diversity, 2010), the importance of global conserva-
tion has gained in significance. As a consequence a 
revised decision of the post-2010 targets for the GSPC 
was decided on COP10 in Nagoya, updating the tar-
gets to the strategic plan, which should be accom-
plished together with the Aichi Biodiversity Targets 
within the decade on biodiversity (2011 -2020) (CBD, 
2010). The Global Biodiversity Outlook 4 published in 
2015 clearly shows that the actual progress is insuffi-
cient and if no further efforts are undertaken, most 
of the targets will again be missed by 2020. It states 
that so far there is no progress regarding a reduction 
of habitat loss, which should at least be halved and 
that degradation and fragmentation are even mov-
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threatened Bavarian plant species with one or more 
accessions, which reflects the extent of these col-
lections in other European or worldwide seed banks 
for rare plants (Godefroid et al., 2011; Sharrock et al., 
2014). In a recent survey on seed banking including 
271 institutions from 65 countries most limiting pa-
rameters towards achieving the target 8 are insuffi-
cient funding, personal shortages and a lack of infra-
structures (O’Donnell & Sharrock, 2015).
Although operating and maintaining a seed bank 
is cost-efficient (Li & Pritchard, 2009), a steady fund-
ing is necessary. To maintain the viability of seeds 
and ongoing revisions of red lists to current threat 
status, continuous (re-)collections are necessary 
(Guerrant Jr & Fiedler, 2004). However, the fund-
ing of the Genbank Bayern Arche was terminated in 
2015. Nevertheless, we were able to clearly identify 
the time and costs of every work step. The aim of this 
chapter, therefore, is to provide:
1. A brief illustration of each work step especially in 
order to point out the importance of each step for 
wild plant species compared to crop species.
2. We also emphasise the importance of quality as-
sessment of seeds, which is performed via X-ray 
analysis within the seed bank Genbank Bayern 
Arche. We present short results of quality control 
on the level of plant families.
3. A calculation of the expenditure of time need-
ed to run a small scale regional seed bank and 
an analysis of the time spent for each task per-
formed.
5.2 METHODS AND RESULTS 
WORKFLOW
To analyse the workflow within the seed bank Gen-
bank Bayern Arche (GBA), we determined nine process 
steps which were applied to most of the accessions, 
representing the main tasks of the work sequence 
from seed collection to final storage: seed collection, 
seed cleaning & counting, quality control via X-ray, 
portioning, germination testing, tetrazolium testing, 
drying, packaging & freezing and documentation. For 
a more detailed differentiation, in some cases tasks 
were divided in multiple subsections. The time re-
quired for each process step was recorded in an ac-
cess database and each entry was checked for plausi-
bility before further analysis. For data evaluation, the 
average time requirement (median) for each process 
step over all available accessions was calculated. In 
the following text all steps within the work process 
and the particular time effort are described in chron-
ologic order.
SEED COLLECTION
The time required for seed collection field trips 
strongly depends on the availability and quality of 
plant occurrence data. Field trips need thorough 
planning to enable successful collections. We neither 
include the time requirement for proper acquisition 
of information upon species identification, ecology 
and phenology nor for correspondence with local au-
thorities for collecting permits. Our analysis includes 
seed collection trips with prior information on spe-
cies location. Second or third approaches of a known 
population can be required in order to catch the opti-
mum stage of seed development. On the other hand, 
when visiting species hot spots, synergetic effects 
increase the time efficiency of a collecting trip. The 
GBA is situated relatively centrally in Bavaria, which 
reduces journey times and distances (Figure 5.1). To 
evaluate the time spent for collection we surveyed 58 
field trips performed by the two coordinators of the 
seed bank (Figure 5.1). 
The time spent for round trips and fieldwork was 
summarized and divided by the amount of accessions 
gathered on the excursions. The calculation included 
approaches with immediate collection successes but 
also unsuccessful trips, where at least a second ap-
proach was necessary. The fieldwork encompassed 
FIGURE 5.1 Map showing the shape of Bavaria, the location of the 
Genbank Bayern Arche (GBA) and selected collections.
Genbank 
Bayern Arche
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lion seeds of Filago lutescens. The median number of 
seeds is slightly over 1000. 
QUALIT Y CONTROL VIA X-R AY
For the X-ray analyses we used a digital radiography 
system (Faxitron MX-20, Faxitron X-ray Corporation, 
Wheeling, Illinois) with an exposure time of 9 seconds 
and 26 kVp. The sample size was set to 100 seeds per 
accession except for those with smaller quantities. 
The images where exported and evaluated by catego-
rizing the seeds into five groups: “viable”, “non-via-
ble”, “empty”, “insect infested” and “unclear result”. 
According to ISTA rules (1999a), seeds were classified 
as viable when no essential damages of the embryo 
or the nutritive storage tissues were recognisable. All 
accessions were assigned with their associated plant 
family based on the German Standard list (Jansen & 
Dengler, 2010). With this data set we created a boxplot 
showing all analysed plant families arranged down-
wards by the percentage of viable seeds (Figure 5.2).
Due to digitalized X-ray imaging the time spent for 
production (8.3 minutes) and export (1.2 minutes) of 
the pictures and the subsequent evaluation (6.5 min-
utes) is low. The results of a family based analysis of 
the percentage of viable seeds per accession (Figure 
5.2) shows that 36 of the tested 57 plant families had 
more than 75 % viable seeds. The median viability for 
all families was 79 %. It should be noted that there is a 
wide range between 0 % (Staphyleaceae, Betulaceae) 
and 100 % (Droseraceae, Crassulaceae) viable seeds.
GERMINATION & TETR AZOLIUM TESTING
Alternative methods to determine the viability of 
seeds are germination and tetrazolium tests, which 
are both invasive, i.e. destroy the seeds and there-
fore reduce the size of the accession (ISTA, 1999a; 
Elias et al., 2012). On the other hand, in contrast to 
common crop species the knowledge of germination 
conditions for rare and threatened plants in Bavaria 
is scarce and therefore a main target of the GBA. To 
survey the ecological optimum of germination we 
could rely on 8 illuminated incubators (Type 1301, 
Rumed, Germany), which provide a temperature 
range between 0 and 30 °C. Depending on the collec-
tion size the extent of performed germination tests 
differed from 2 to 8 plastic petri dishes (diameter 
92 mm) with 5 to 25 seeds for each replication. The 
seeds were sown onto two filter papers (diameter 90 
mm) which were placed inside the dish and watered 
with pure water (4 ml). If necessary preliminary treat-
ments (stratification, scarification, GA3) to break dor-
mancy were applied. The durations for these steps 
were summarized as ‘germination test preparation’. 
Germination was recorded once a week, germinated 
the time spent for searching the population, verifying 
the species, seed collection and electronic documen-
tation including the capture of geographical coordi-
nates. Sampling strategy followed the instructions of 
the seed collection manual (ENSCONET, 2009).
On 58 field trips a total of 340 accessions were 
collected. The number of accessions ranged from 
zero, when the species was not found or had no fully 
ripened fruits to 21 the result of a two-day trip in an 
alpine diversity hotspot. With a median of 128.5 min-
utes per accession (from 21.8 to 767.0 minutes) the 
seed collection was the most time consuming task 
within the work process. As shown in Figure 5.1, the 
chosen field trips for the evaluation were equally dis-
tributed in geographical proximity of the seed bank 
(return journey < 150 km: 27 trips) and in more distant 
places (return journey > 150 km: 31 trips). 
Although situated in central Bavaria, establishing 
a seed bank with only two collectors is not reasona-
ble due to the high time expenditure. Therefore, the 
GBA had engaged over 30 seed collectors. Among 
them were employees of the University of Regens-
burg, freelance and voluntary botanists.
SEED CLE ANING & COUNTING
Seeds need to be cleaned to lower the risks of dis-
eases and decrease bulk density which reduces the 
amount of space required in the freezer (Terry et al., 
2003). The wide spectrum of seed shapes showing a 
high diversity of appendices made a uniform treat-
ment with automated seed cleaning machines impos-
sible, which are often used for the purification of crop 
species. Therefore, most of the seeds were cleaned 
by hand, reducing physical damages to a minimum. 
Besides hand-sorting with forceps and scalpels, 
sieves of different mesh sizes were used to separate 
the seeds from remaining plant materials. 
Depending on seed size, the quantity determi-
nation of the cleaned seed samples was carried out 
by a laser seed counter (Contador, Pfeuffer GmbH, 
Kitzingen). Only when the seeds were too small or 
had hooked appendices, which made an automat-
ed counting impossible, a portion of the seed sam-
ple was counted by hand, weighted and the number 
of collected seeds was estimated via the total seed 
mass.
With a median of 126 minutes, cleaning and count-
ing of collections was the second most time consum-
ing task in the seed bank. The expenditure of time 
was very variable and ranged from some minutes to 
several hours especially for huge, heavily contam-
inated or otherwise problematic accessions. The 
number of seeds stored in the GBA ranged between 1 
seed of Senecio incanus ssp. carniolicus and 1.25 mil-
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FIGURE 5.2 Percentage of full seeds for each plant family collected for the seed bank Genbank Bayern Arche (GBA).
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Tetrazolium testing is also a time consuming task, 
which took in average 47 minutes for preparation and 
another 60 minutes for evaluation. Both processes 
are dependent on the embryo-endosperm ratio and 
the size of the examined seeds. As an analysis of 274 
species collected and stored in the GBA showed, the 
median length of the seeds was relatively short with 
2 mm (SD = 3.52 mm). For comparison, an analysis of 
1794 European species included in the LEDA traitbase 
had a median length of 2.5 mm (SD = 9.4 mm). Han-
dling small sized seeds requires additional care which 
directly affects the time needed for tetrazolium test-
ing. Furthermore, the content of the seed can influ-
ence the processing time since seeds only containing 
an embryo can be processed faster than endosper-
mic seeds. Also within the group of endospermic 
seeds, those with a starchy endosperm are easier to 
analyse and therefore faster to interpret than those 
with low amounts of starch. The latter group metab-
olizes tetrazolium chloride slower resulting in lighter 
staining of vital tissue which complicates the inter-
pretation.
PORTIONING
To facilitate future accesses to the stored accessions, 
seeds were split into three fractions: a long-term stor-
age package (base collection), which encompassed a 
large part of the seeds and was designated to main-
tain undisturbed for the longest period. A short-term 
storage package with up to 10 small samples for a 
quick access which were stored in the same glass con-
tainer as the long-term package (active collection). A 
duplicate sample at a different location to guarantee 
the continuity of the accession in case of a loss of the 
base collection. The seed portions were packed into 
uncoated paper bags and afterwards placed in the 
drying room. 
The average time (median) spent on portioning 
one accession was 35.6 minutes. To determine this 
value a total of 715 accessions processed by 27 dif-
ferent workers were evaluated. The strong temporal 
variations per accession depended on seed size, seed 
shape and seed appendices, which hindered machine 
processing via Contador in certain cases. Also the 
number of portions which ranged from one up to 14 
bags had an impact on the elapsed time.
DRYING
Longevity of seeds can be increased by providing 
optimal storage conditions. As several studies have 
shown, drying of orthodox seeds significantly en-
hances longevity and therefore is at least as impor-
tant as the cool storage (Ellis & Roberts, 1980; Rob-
erts & Ellis, 1989; Probert, 2003; Ellis & Hong, 2006, 
seeds were removed and discarded or kept and cul-
tivated in the Botanical Garden. The duration of the 
germination testing was generally set to 6 weeks (in 
some cases it was expanded to months). The “germi-
nation test evaluation” expresses the time spent for 
one germination tests comprising one treatment, 5 
dishes and weekly inspection over 6 weeks.
Tetrazolium testing to determine viability of 
non-germinated seeds was conducted regularly af-
ter germination was tested. Basically the prepara-
tion followed the recommendations for tetrazolium 
testing published by the International Seed Testing 
Association (ISTA, 1999a, b). The time needed for 
one treatment was summarized as “tetrazolium test 
preparation” and included the preparation of liquid 
tetrazolium solution and the exposure of the inner 
seed tissues. For a proper evaluation of the incubated 
seeds a profound knowledge of the seed-morphology 
is decisive in order to interpret the patterns of stained 
and unstained tissues correctly. In case of rare and 
threatened plants ISTA guidelines do not provide 
sufficient information for evaluation. Therefore, and 
to produce reproducible and reliable results a set of 
evaluations forms was developed for every occurring 
embryo type.
While the preparation time spent for the germina-
tion test can vary strongly (14.4 min +/- 10 min per ap-
proach), the evaluation time was relatively constant 
(13.9 min +/- 3 min per approach). It is obvious that 
the preparation of a germination test with 20 seeds 
will take less time than a test with 200 seeds which all 
have to be scarified or undergo other pre-treatments. 
To what extent germination tests are carried out in a 
seed bank should depend on its purpose. For a sim-
ple assessment of viability 5 dishes with 20 seeds 
each using the best known germination temperature 
condition is sufficient and will take an average length 
of 30 minutes per accession. Nevertheless, in cases 
when the germination of a species regarding its eco-
logical background is of particular interest more test-
ing is needed. Especially for restoration of extinct or 
support of existing populations a high in situ germi-
nation rate is desirable to ensure its success. In this 
cases an extensive approach can involve multiple 
pre-treatments (scarification, different stratification 
times, GA3), different temperature (constant, fluctu-
ant, from 0 - 30 °C) and light (daylight, darkness) re-
gimes. Therefore, a maximum approach with 24 test 
variables to determine a species best germination 
conditions can take up to 11.3 hours to complete. Ad-
ditionally, when the germination speed should also 
be recorded two evaluations per week are recom-
mended which doubles the necessary time for evalu-
ation from 13.9 to 27.8 minutes. 
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arate bags containing small amounts. For seed re-
quests pre-filled bags can easily be removed from the 
active (short-term) collection minimizing the defrost-
ing-time for the remaining stored seeds. Furthermore 
when a drying room is not available seeds will not re-
hydrate when stored in separate bags. 
The packaging and freezing takes about 10 min-
utes per collection. Until today we processed 1005 
collections of 565 species in the GBA. To store this col-
lection, three domestic freezers are necessary, two 
holding base and active collections and one storing 
the duplicate samples.
DOCUMENTATION
The process step documentation includes all work-
flow tasks concerning organizational steps such as 
accessioning (check-out and check-in of collection 
data from the geodatabase including all data docu-
menting the accession), database entries (amount 
of collected seeds, thousand seed weight, number 
of seed per portion, dates of drying, freezing, ID of 
freezing container etc.), determination of portions 
and germination tests. 
Summed up, 14.3 minutes per accession were 
needed to fully document one accession from arrival 
at the GBA to the storage in the freezers. 
SUMMARY
Besides the time spent for a specific task, Table 5.1 
and Figure 5.3 (next page) also display the statisti-
cal dispersion (variability). Six process steps show 
a wide range in their required time: seed collection, 
seed cleaning, portioning, germination test prepa-
ration, tetrazolium test preparation and tetrazolium 
test evaluation. Because of the different seed quan-
tities, seed shapes and appendices of the collections, 
a task can take from some minutes to several hours. 
Other tasks of the workflow are less sensitive to these 
properties, i.e. can be processed independently from 
quantity or shape: quality testing via X-ray, seed dry-
ing, packaging, germination test evaluation and all 
database-related work.
2007). Furthermore, freezing or insect damages are 
prevented. Since a drying room which could provide 
accurate conditions for drying seeds (15 °C and 15 % 
equilibrium relative humidity (eRH)) was not availa-
ble in the first phase of the project we relayed on a 
multi-step seed drying procedure with silica gel. The 
initial conditions in the drying room were 18 - 20 °C at 
an eRH of 30 - 45 %. This made a second drying step 
inevitable: first the actual eRH of the seed sample 
was measured with a hygrometer (Rotronic Hygrom-
eter AW-DIO sensor with HygroPalm 3). Subsequently 
seed packages from several accessions were placed 
in a jar and depending on the seeds’ total mass silica 
gel was added in a weight ratio of 2:1 (seed material 
to silica gel). On a weekly basis the eRH of the sample 
was remeasured and fresh silica gel was added. This 
procedure was repeated until the eRH had dropped 
under 15 %. With the second project phase a new dry-
ing room offering optimal conditions, which are also 
used for crop species, was established. Therefore, 
no further drying with silica gel was required, which 
reduced expenditure of time for drying seeds to less 
than one minute. 
Drying with silica gel in multiple steps is more time 
consuming than drying in a drying room. The relative 
humidity (eRH) must be controlled more frequent-
ly and there is a chance of over-drying by using too 
much silica gel. Adding all steps of drying with silica 
gel we had to spend 10.6 minutes per accession. On 
the other hand drying with silica gel is a low-price al-
ternative to a drying room having no further running 
expenses. We therefore used the multi-step seed dry-
ing procedure with silica gel for the presented time-
line.
PACK AGING & FREEZING
To ensure the dry state of the collections, the seeds 
were put in tri-laminate aluminium foil-polypropyl-
ene bags (labelled internally and externally), which 
provide an excellent protection against light and 
are highly impermeable to water vapour and gases 
(Hanson, 1985; Gómez-Campo, 2002; Manger et al., 
2003). The bags were heat sealed in a table top vacu-
um chamber (TopVac, Kopp), at a low residual oxygen 
concentration to impede further oxidation process-
es. Several collections were kept in glass storage jars 
with a natural rubber seal and a clamped lid. For a 
visual control of moisture ingress in the jars self-indi-
cating silica gel was added. For storage the jars were 
placed into domestic upright freezers with a temper-
ature set to -18 °C (Ellis et al., 1985; Hanson, 1985; Rao 
et al., 2006). 
For an active seed bank it can be useful and time 
saving in the long run to portion the seeds into sep-
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TABLE 5.1 Average time spent (minutes) on the work steps in the seed bank Genbank Bayern Arche (GBA). min = minimum / max = max-
imum time spent for one step, SD = standard deviation, SE = standard error, nsamp = number of samples, npro = number of processors.
Process Median staff time 
per collection 
min max SD SE nsamp npro
Seed collection 128.5 21.8 767.0 151.8 19.9 340 2
Documentation Accessioning³ 6.3 - - - - 43 1
Seed cleaning and counting 125.7 45.8 450.0 85.3 14.0 1008 37
X-ray image¹ 8.3 4.7 17.7 3.6 1.1 569 11
X-ray image export¹ 1.2 1.0 1.5 0.2 0.1 183 4
X-ray image eval¹ 6.5 3.8 14.3 5.5 3.2 219 3
Sum of 1 = Quality test via X-ray 16.0
Documentation Database entry³ 2.2 1.1 4.3 1.6 0.9 46 1
Portioning 35.6 17.1 112.5 24.5 4.7 715 27
Seed drying 10.6 6.7 16.2 4.1 2.1 363 4
Print labels² 2.4 - - 108 1
Packaging, Freezing² 8.0 7.8 8.2 0.3 0.2 164 2
Sum of 2 = Packaging and Freezing 10.4
Documentation Database entry³ 2.0 - - - - 277 2
Germination test preparation 14.4 11.7 38.0 9.7 2.9 740 11
Germination test evaluation 13.9 9.8 20.0 3.4 0.9 1622 8
Documentation Database entry³ 3.8 2.4 3.8 0.7 0.3 377 1
Tetrazolium test preparation 47.2 19.4 80.2 18.0 4.5 202 15
Tetrazolium test evaluation 60.0 13.1 143.3 32.4 9.0 157 12
Create seed herbal entry 5.5 169 1
Sum of 3 = Documentation and Database entries 14.3
Total (minutes) 495.8
Total (hours) 8.3
FIGURE 5.3 Boxplot of the 
time spent on the work steps in 
the seed bank Genbank Bayern 
Arche (GBA). prep = preparation 
eval = evaluation
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depending on the operational range (local, region-
al, global collections), the abundance of the target 
plants species and the quality of the documentation 
of the geographic locations. 
DISUSSION, CONCLUSIONS & RE-
COMMENDATIONS FOR SEED BANKS
The time effort in a seed bank is strongly influenced 
by the species inventory as wild plant seeds often re-
quire more manual processing time. A seed bank for 
rare and threatened plant species must be able to 
handle all different seed phenotypes (appendices, 
shapes) as well as different qualities and quantities. 
Together with an unpredictable additional effort 
for the collection and germination testing this can 
be seen as the main differences to crop collections, 
which are often specialized on certain groups of 
plants. 
The results of our comprehensive quality as-
sessment via X-ray showed that seed quality differs 
strongly between plant families. Especially for small 
accessions the knowledge of the quality is crucial, as 
the number of potentially living seeds can be substan-
tially lower and recollections would be necessary. 
Although there is a widespread consensus in sci-
ence regarding the benefits of seed banks for ex situ 
conservation (Guerrant et al., 2004), founding or con-
tinuation of seed banks depend primarily on the ac-
tual maintenance costs rather than its importance 
for preserving biodiversity. With this work at hand, 
we deliver information regarding the time required 
for running a small-scale seed bank to provide a cal-
culation basis for the expenses. Glachant (1991) sug-
gested that the costs for ex situ conservation of seeds 
depend on the size of a facility. Accordingly, each ac-
cession within the Genbank Bayern Arche (GBA) is ex-
pected to be more expensive than within the Millen-
nium Seed Bank (MSB), probably the world’s largest 
seed bank with conservation purpose. To our knowl-
edge, only the MSB has given a summary of time re-
quirements for different tasks (Terry et al., 2003). 
Therefore, the study at hand allows a comparison 
between a large-scale and a small-scale seed bank. 
To evaluate the obtained figures of the GBA (see Ta-
ble 5.1), we compared our results (accumulated time 
per accession: 230.4 min) with the time calculations 
published by the Millennium Seed Bank (MSB) (accu-
mulated time per accession: 219.6 min) (Terry et al., 
2003). The difference for processing one accession 
between the two seed banks is less than 11 minutes 
(Table 5.2) and, therefore, can be seen as reliable ba-
sis for cost calculations and budgetary planning, re-
gardless of the size of the facility. For this comparison 
the time required for seed collections was not includ-
ed because no data were available from MSB. Never-
theless, it must be noted that the time for field trips 
can vary tremendously from seed bank to seed bank 
TABLE 5.2 Comparison of the estimated processing times for col-
lections between the Millennium Seed Bank (MSB, Terry et al., 2003) 
and Genbank Bayern Arche (GBA).
Process Staff time per col-
lection (hours)
MSB GBA
Accessioning (entering collecting data) 0.22 0.24
Cleaning (with portioning) 2.32 2.69
X-ray analysis and counting 0.25 0.27
Banking (packaging, freezing) 0.17 0.17
Germination (without TZT) 0.70 0.47
Total 3.66 3.84
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Facing the multiple threats of our habitats, species 
and diversity, many actions are necessary to preserve 
the remaining biodiversity (Secretariat of the Con-
vention on Biological Diversity, 2006, 2010, 2014). The 
Global Strategy of Plant Conservation (GSPC) com-
mences with understanding, documentation and rec-
ognition of plant diversity (objective I), followed by 
urgent and effective conservation actions (objective 
II). The thesis at hand aimed to contribute to meet 
these first two objectives (CBD, 2010). 
Two of the chapters are dealing with “understand-
ing plant diversity” (objective I) in Europe. Although 
a lot of research has been conducted on calcareous 
grasslands, one of the most species-rich habitats (Ko-
rneck et al., 1998; WallisDeVries et al., 2002; Sadlo et 
al., 2007) and according to Janssen et al. (2016) one 
of the most threatened habitats in Europe. We herein 
provide new information about the origin of a com-
mon calcareous grassland species, Hippocrepis co-
mosa, using climate and phylogeographic modelling 
(Chapters 3 and 4). It yet was presumed that Central 
European species have endured the last glaciations at 
southern glacial refugia (Taberlet et al., 1998; Hewitt, 
1999; Hewitt, 2000; Hewitt, 2004). Therefore, most 
studies concentrated on the longitudinal gradient 
which is associated with temperature. On the other 
hand the latitudinal gradient associated with conti-
nentality/oceanity has mostly been ignored (Stewart 
et al., 2010). We suggest that pannonic floral elements 
of calcareous grasslands are comparable with today’s 
ice age relicts of the alpine flora. They are living proof 
for cryptic refugia: the current climate in Central Eu-
rope limits these floral elements to distinct localities, 
i.e. refugia. In case of another cold period these refu-
gia could serve as origins for a colonization of Central 
Europe besides migration from the Alps and the pan-
nonic floral region. Accordingly, Hippocrepis comosa 
as a submediterranean-oceanic species shows a wid-
er distribution under the present climate conditions 
than during the last glacial maximum, when it shifted 
towards southwest and western Europe, leaving be-
hind putative cryptic refugia in Central Europe. With 
our phylogeographic study, we showed that this plant 
that contributes to the Central European calcareous 
grasslands may have originated from western France 
or south England as there we have located some 
cryptic refugia, besides the traditional refugia like the 
Iberian Peninsula. These results can set a different 
light on the preservation value of northern refugia as 
they possibly represent very old genetic provenanc-
es where oceanic species may have survived the last 
glaciations.
Finally yet importantly, gained information about 
the origin of calcareous grassland species or glacial 
refugia is almost worthless if there is no substantial 
effort to conserve these habitats and their associat-
ed species. In 2018, the ENSOCNET database has re-
ported the success that 62.7 % of Europe’s threatened 
plant species have already been stored in seed banks 
(Rivière et al., 2018) - a big step towards fulfilling 
GSPC’s target 8 (objective II). On a global level only a 
few plants in Bavaria are regarded as threatened. For 
example, all endemic species of the genus Sorbus are 
listed. Nonetheless this does not relieve of responsi-
bility or obligation to conserve plant diversity on a 
regional level, as in Bavaria due to a high rate of land 
consumption and intensive agriculture more than 
half of the native plants are on the red list (Ahlmer & 
Scheuerer, 2003). Considering the rapid and frequent-
ly unnoticed loss of habitats and species a continu-
ous collection of seeds as well as the maintenance of 
seed banks are crucial to provide safety backups (Li 
& Pritchard, 2009; CBD, 2010; Sharrock et al., 2014). 
Most often economic reasons are the limiting factor 
of ex situ facilities (O’Donnell & Sharrock, 2015). We 
showed that collecting and processing seeds takes 
about 5 hours per accession. Compared with other 
ex situ conservation actions, the storage of an acces-
sion is quite cheap (Li & Pritchard, 2009). Our list of 
durations for different work steps (Chapter 5) can be 
used to choose and to calculate only with a minimum 
of procession steps that are absolutely indispensa-
ble. E.g. leaving out extensive germination testing, a 
lot of time expenditure can be economized. However, 
this can only be recommended when germination re-
quirements are known and when alternative means 
CHAPTER 6
Conclusions and perspectives
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to test for viability of seeds are available. A profes-
sional seed bank should be seeking to encompass all 
steps for a reasonable conservation. 
In the field of conservation genetics, the genetic 
diversity (variation) of populations is frequently an-
alysed to estimate the adaptive capacity of popula-
tions (Ellstrand & Elam, 1993; Booy et al., 2000). The 
results provide essential information for in situ and 
ex situ management of populations. In order to con-
tribute to objective I, we aimed to find the minimum 
sample size for the assessment of the diversity of a 
plant population via AFLP markers (Chapter 2). Our 
work shows that in general 25 individuals are enough 
to cover 95 % of the population’s genetic variation. 
Furthermore, there is a significant difference regard-
ing the pollination vector: while for insect pollinated 
plants 20.6 individuals must be collected to gather 
95 % of the genetic variation, 28.4 individuals are nec-
essary for wind pollinated plants. Whether our results 
can be transferred to the collection of seeds is debat-
able. In theory, these numbers should be applicable 
to seed collections but depending on the species 25 
individuals are probably not enough to gather suf-
ficient seeds for ex situ conservation. Moreover, in 
Chapter 5 we could also show, that different plant 
families display different percentage rates of viable 
seeds, which have to be compensated by the collec-
tion of more individuals. 
To complement the GSPC objectives and to com-
plete necessary actions we point out objective III 
which states the sustainable and equitable use of 
plant diversity. Last but not least, it is important to 
provide education and awareness about biological 
diversity (objective IV) and finally capacities (target 
16) and public engagement to implement the strate-
gy (objective V). The last two objectives may be the 
biggest challenges in nature conservation. Without 
public and political attention all efforts made by or-
ganisations and scientists towards conserving biodi-
versity are pointless. 
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Die vorliegende Dissertation wurde im Rahmen des 
Aufbaus der Genbank Bayern Arche, einer Genbank 
für seltene und gefährdete Pflanzenarten, angefer-
tigt. Die einzelnen Kapitel stehen vor dem Hintergr-
und der Globalen Strategie zum Schutz der Pflanzen 
(GSPC) und sollen einen Beitrag zur effizienteren Er-
fassung der genetischen Diversität von Pflanzenarten 
und zur Feststellung der Herkunft von Kalkmagerra-
senarten in Mitteleuropa leisten, sowie einen Über-
blick über den zeitlichen Aufwand für den Betrieb 
einer Genbank geben.
Kapitel 2 beschäftigte sich mit der Bestimmung 
der genetischen Diversität von Pflanzenarten mit 
unterschiedlichen Pflanzenmerkmalen (plant traits) 
mittels AFLP Analyse, einer in der molekularen Öko-
logie und Naturschutzgenetik häufig angewandten 
Methode. Zu diesem Zweck wurden 15 Pflanzenarten 
eines Kalkmagerrasenstandorts beprobt, um zum 
einen den Einfluss der Anzahl der untersuchten Loci 
und zum anderen der Anzahl an getesteten Individu-
en auf die Höhe der genetische Diversität hin zu un-
tersuchen. Durch ein Generalisiertes Lineares Modell 
und Sättigungskurven wurde berechnet, wie viele 
Loci bzw. wie viele Individuen nötig waren, um 90 % 
respektive 95 % der gesamten genetischen Vielfalt 
der Populationen abzubilden. Die Ergebnisse zeigten, 
dass zirka 120 Loci für eine stabile Einschätzung der 
genetischen Diversität ausreichten. Darüber hinaus 
waren durchschnittlich 14 Individuen nötig um 90 % 
beziehungsweise 23 Individuen, um 95 % der geneti-
schen Diversität der Populationen abzudecken. Die 
Untersuchung der Pflanzenmerkmale ergab lediglich 
für den Bestäubungstyp signifikante Unterschiede. 
Um 90 % beziehungsweise 95 % der genetischen Di-
versität der Populationen abzudecken mussten bei 
windbestäubten Arten mehr Proben gesammelt wer-
den als bei insektenbestäubten Pflanzen. 
In Kapitel 3 wurde die potentielle geographische 
Verbreitung des Hufeisenklees (Hippocrepis comosa) 
während des letzten eiszeitlichen Maximums mit-
tels Modellierung (SDM = Species Distribution Mo-
del) untersucht. Ein Großteil der Veröffentlichungen 
zu diesem Thema beschrieben bisher die Iberische 
Halbinsel, Italien und die Balkanregion aufgrund des 
nach Süden zunehmenden Temperaturgradienten 
als Refugialorte für temperate Mitteleuropäische 
Pflanzenarten während der letzten Eiszeit. Die hier 
vorliegende Untersuchung verfolgte einen zweiten 
Gradienten, die Ozeanität, welche von Ost nach West 
zunimmt und ebenfalls einen Einfluss auf die Verbrei-
tung von Pflanzen hat. Basierend auf der aktuellen 
Verbreitung des Hufeisenklees wurden unter Verwen-
dung der Software Maxent Verbreitungsmodelle be-
rechnet, welche die heutige und die damalige poten-
tielle geographische Verbreitung darstellten. Diese 
zeigten einen großen Einfluss der Ozeanität auf diese 
Pflanzenart, welche neben der temperaturbeding-
ten Migration nach Süden auch eine nach Westen zur 
Folge hatte. Zudem deuteten die Ergebnisse auf die 
Möglichkeit hin, dass in Nordwesteuropa kryptische 
Refugien existiert haben könnten.
In Kapitel 4 sollten die Ergebnisse aus Kapitel 3 
mittels AFLP Analyse überprüft werden. Dazu wurde 
Pflanzenmaterial von 38 Populationen im gesamten 
Verbreitungsgebiet des Hufeisenklees (Hippocrepis 
comosa) in Europa gesammelt und je 15 Individuen 
pro Population untersucht. Die phylogeographische 
Analyse zeigte, dass die Migration der Art während der 
letzten Eiszeit aus Mitteleuropa heraus sowohl einem 
Breitengradienten als auch einem Längengradienten 
folgte. Zudem konnte eine deutliche Trennung in ei-
nen westlichen (Iberische Halbinsel) und östlichen 
Refugialraum (Italien und Balkanregion) festgestellt 
werden, wobei die westliche Region wahrscheinlich 
den Ausgangspunkt für die nacheiszeitliche Wieder-
besiedelung Mitteleuropas bildete. Die Ergebnisse 
zeigten außerdem, dass Vorkommen von kryptischen 
Refugien nordwestlich der Alpen möglich waren.
Kapitel 5 befasste sich mit dem Betrieb der Gen-
bank Bayern Arche, einer 2009 in Bayern gegründeten 
Genbank für seltene und gefährdete Pflanzenarten. 
Es wurde der Zeitaufwand untersucht, der für jeden 
Arbeitsschritt innerhalb der Genbank notwendig war. 
Dazu wurden alle Arbeitsschritte der Akzessionen von 
der Sammlung bis hin zur Einlagerung in den Gefrier-
schränken über 5 Jahre hinweg dokumentiert und im 
Anschluss ausgewertet. Die Ergebnisse zeigten, dass 
für eine Akzession durchschnittlich 8,3 Bearbeitungs-
stunden aufgewendet wurden. Im Vergleich mit der 
Millennium Seed Bank (UK), welche eine verkürzte 
Zusammenfassung
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Statistik veröffentlichte, wurde für eine Akzession 
lediglich 11 Minuten mehr benötigt. Diese Ergebnis-
se können als Kalkulationsgrundlage für bestehende 
oder geplante Projekte dienen.
Kapitel 6 fasste die erarbeiteten Ergebnisse zu-
sammen und stellte diese in Bezug hinsichtlich ihrer 
Bedeutung für den Naturschutz, aber auch bezüglich 
der Erfüllung der Ziele der Globalen Strategie zum 
Schutz der Pflanzen (GSPC).
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